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1. INTRODUCTION

During the period 1 May 1982 through 30 April 1983, the Electronics
Research Laboratory (ERL), University of California, Berkeley, is
receiving support for its basic program from the Joint Services Electronics
Program (JSEP), sponsored by the Departments of the Air Force (Air Force

Office of Scientific Research), Army (Army Research Office), and Navy
(Office of Naval Research), under contract F49620-79-C-0178.

This annual report is an updating report; hence it covers the period 1
September 1981 through 31 August 1982. Significant Accomplishments, where
applicable, appear in the project reports (section A). In particular, the
three most significant accomplishments, as determined by the Director, are

summarized as:

i. Project SSM-83-1 - Hot-Electron Injection and Trapping at
Si/Insulator Interfaces

We have identified the mechanism of minority carrier generation in

the substrate as photo-carrier generation. The photons are generated
in the high field region in the transistor channel by hot electron
bremsstrahlung radiation. These photons have an average decay length
of 780 im and can cause DRAM refresh time degradation and even logic
circuit malfunctions throughout the chip. Furthermore, present tech-
niques such as the use of guard ring (pseudo collector) are inef-
fective in stopping the photons. The rate of photons emission is
found to be 2 x 10-5 Isub/q.

We have also derived and proven a power law relationship between
channel hot-electron gate current and the substrate current. This
should significantly simplify the testing for device reliability
since the gate current can now be deduced from the measured sub-
strate current, which is larger than gate current by 1010.

ii. Project SSO-83-3 - New Techniques for Wide-Dynamic-Range Signal
Processing using Monolithic Integrated Circuit Technology

(a) During the past year we have made considerable progress in
research on new methods for the design and implementation of high-
frequency switched-capacitor filters for communications. We have
designed and fabricated a sixth order bandpass switched capacitor
filter with center frequency of 250kHz, bandwidth of lOkHz, and
clock rate of 4MHz. The unique circuit approach incorporates
fully differential signal paths, identical resonators, and cascode
differential CMOS operational amplifiers.

(b) We have devised new topologies for switched capacitor filters
in NMOS technology, which utilize positive feedback to overcome
the limited gain achievable in NMOS single-stage amplifiers. A
sixth order elliptic filter with center frequency at 250kHz was
fabricated and tested. The effects of intermodulation at high
signal levels in amplifiers of this type are now being investigated.



-' (c) Our research in high-frequency bipolar monolithic circuits
has resulted in the realization of a new monolithic amplifier
topology. A number of circuits have been fabricated incorporating
unique dual-gate FET structures and giving bandwidths of 50MHz,
gain of 66 dB and slew rates of 125v/ isec.

iii. Project QE-83-1 - Functional Analysis of Novel Semiconductor
Lasers for an Integrated-Optical-Network Viewpoint

We have acheived longitudinal mode stability over an extended
temperature range and in the tandem-cavity laser, the amount of
internal refelction required to overcome gain variation is only
of the order 10- . The smallness of the reflection means that
the internal-reflection scheme should be applicable to most index-
guided lasers. Recently, we have extended the concept to lasers
involving coupled lateral modes. Not only was single longitudinal-
mode operation achieved, but also a temperature range as large as
300C was observed in which the laser wavelength was locked to one
longitudinal mode.

The report contains:

A. 1982-1983 JSEP Projects: as of 31 August 1982

B. Consolidated List of JSEP Published Papers and Memorandums through
31 August 1982

During this time period 1 September 1981 - 31 August 1982, there are
currently an additional 23 Journal papers being processed: in press,
in review, submitted and being prepared. Further, there have been 11
Conference papers presented (or to be presented).



2. RESEARCH PROJLCTS

A. 1981-1982 JSEP Projects: as of 31 August 1982

Project Project
No. No. Title Investigator(s)

I. ELECTROMAGNETIC S

V

EM-83-1 Electromagnetic Scattering D.J. Angelakos
by Multiple Targets and K.K. Mei
Targets in Multiple Media

EM-83-2 Millimeter Wavelength S.E. Schwarz
Electromagnetic K.K. Mei
Structures D.J. Angelakos

II. SOLID STATE ELECTRONICS

A. Materials

SSM-83-1 Hot-Electron Injection C. Hu
and Trapping at R.S. Muller
Si/Insulator Interfaces

SSM-83-2 III-V Compound Semi- S. Wang
conductors; Material C. Hu
Property and Device
Studies

SSM-83-3 Molecular Beam Epitaxy S. Wang
and Its Applications to N. Cheung
Studies of Materials
Aspects of Microstructure
Engineering

B. Devices

SSD-83-1 Critical Problems in A.R. Neureuther
Lithography and Their W.G. Oldham
Impact on Practical
Performance

SSD-83-2 Study of Effects Limiting T. Van Duzer
Realization of Far-
Submicron Superconductive
Electronic Structures

SSD-83-3 New Techniques for Wide- R.W. Brodersen
Dynamic-Range Signal P.R. Gray
Processing Using Integrated R.G. Meyer
Circuit Technology D.O. Pederson

-7



RESEARCH PROJECTS - continued

Project Title Investigator(s)
No.

II. SOLID STATE ELECTRONICS

B. Devices (cont.)

SSD-83-4 Research on Electronic D.W. Hess
Systems Composed of Polymer R.S. Muller
Films and Planar Si Devices
for Transducer Applications

III. QUANTUM ELECTRONICS

QE-83-1 Functional Analysis of J.R. Whinnery
Novel Semiconductor S. Wang
Lasers for an Integrated-
Optical-Network Viewpoint

QE-E3-2 Millimeter and Infra- T.K. Gustafson
, red Heterodyne Mixing S.E. Schwarz

and Detection T. Van Duzer

IV. INFORMATION SYSTEMS

ISS-83-1 Large-Scale and Nonlinear L. 0. Chua
Circuits Study E. S. Kuh

ISS-83-2 Control of Large Sytems C.A. Desoer
P.P. Varaiya

ISS-83-3 Computer Optimization A. Sangiovanni-
of Electronic Circuits Vincentelli

R.G. Meyer
E. Polak

B. Consolidated List of JSEP Published Papers and Memorandums through

31 August 1982.

I-



A. 1982-1983 JSEP PROJECTS:

* AS OF 31 AUGUST 1982
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University of California Electroiics Research Laboratory

Joint Services Electronics Program September 30, 1982

I. Basic Research in Electromagnetics Coordinator: Professor K. K. Mei

Basic research in electromagnetics at ERL presently consists of two parts.
One is the development and application of computational techniques to electromag-
netics, and the other is the basic research in theory and experimentation of elec-
tramagnetics at submillimeter wavelengths. These two reseach acitivites are
described in the following.

Computations in Electromagnetics

Researcn in electromagnetic theory was traditionally done within the regime
of applied mathematics. Since the advent of high speed digital computers, we have
seen more and more emphasis on the computational research being done in applied
electromagnetics. In the early 1960's the main thrust of electromagnetic related
computation was in integral equation approachesi . The integral equation was a
natural choice in radiation problems because the radiation conditions at infinity
could easily be satisfied by using proper Green's functions. Although the
integral equation method is not too well adapted to problems involving fat bodies
and dielectric bodies, early investigators were still quite happy with it, because
even with its limitations it was possible to solve many problems which were hith-
erto unsolvable. As more and more problems were solved, researchers began to look
for alternatives to the integral equation approach, which might be better than the
integral equation method in solving fat, dielectric or even inhomogeneous bodies.
This effort is represented by the unimoment method which was developed by K.K. Mei
and his associates at ERL2 , and the several publications that follow ,  indeed
show that the differential equation approach can be very efficient in regions
where the integral equation method is clumsy and impractical. This method is
currently being used to investigate the scattering by buried dielectric obstacles,
a project now supported outside the JSEP.

The unimoment method is not only good in solving scattering by dielectric
bodies, it is also an excellent technique for solving scattering by perfectly con-
ducting bodies. A simple illustration shows how it works. Consider the scatter-
ing by a conducting spheroid. Outside a circumscribing sphere, the solution is
expressed in classical spherical harmonics with undetermined coefficients, and
inside the sphere the solutions are generated by solving the finite element equa-

*tions. The expansion coefficients on both sides of the sphere are determined by
enforcing the continuity conditions on the sphere. It is interesting to see that
the finite element mesh area becomes larger if the spheroid becomes thinner, and
it becomes smaller if the spheroid becomes fat. That means the unimoment method
is efficient (more precise) for a fat scattering that a skinny scatterer. The
integral equation methods works just the opposite way, i.e., the surface area of
the scatter increases as the scatter becomes fatter and hence requires more compu-
tation.
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We have already succeeded in using the unimoment method to solve scattering
by dielectric bodies5 , and it is apparent that it should work even better when
applied to a single fat metal scatterer. We have also completed two-body scatter-
ing involving two metal scatterers6,7,8 .

With the support of AROD the unimoment method has been successfully applied
to scattering by submerged targets and to partially buried targets I0 .  Other
applications of our computational skills are considerable, but our intention is to
develop new basic techniques rather than to solve problems. Our new direction is
to approach Maxwell's equations in time domain.

The direct time domain solutions of Maxwell's equations were. first attempted
by Yee11 . In recent years, even though Yee's method has been extensively applied
to scattering problems involving complex-shaped targets1 2' 13, -the basic approach
has not been improved. Basically, Yee's method is a finite difference time domain
(FDTD) technique, which applied finite difference both in space and time. The
disadvantage of this method is that the space mesh must be right rectangular, thus
a circle must be composed of small rectangles. This is both theoretically and
practically unsatisfying.

Our approach to the time domain problem is to use complete quadratics in
space mesh, so that the mesh can conform with the contour of the scatterer. In
addition, we have also tried a new "radiation condition" on the technique which
shows great promise in terminating the mesh close to the scatterer. We have
excellent success in trying our new approach to simple scattering problems in two
dimensions. We are very hopeful that this new development will open a new door in
electromagnetics.

Electromagnetics at Submillineter Wavelengths

Radio, microwave, submillimeter wave and light are all electromagnetic waves.
The only difference between them is the frequency. However, both in theory and
application they are dealt with quite differently. For example, the guided
transmission of radio is mostly by coaxial lines, of microwave by metal
waveguides, and of light by beams or dielectric waveguides. There are borderline
frequencies where different transmission methods can be used. That indeed is the
case at submillimeter waves to low infrared waves.

Under the previous sponsorship of JSEP we investigated both metal and dielec-
tric structures such as antennas and wave guides at low infrared frequencies. It
has turned out that the metal guide, while lossy, is an excellent device to con-
centrate electromagnetic power to a very small region, much less than a
wavelength. The bulk of any submillimeter device has to consist of dielectric
material as antennas and guides. Hence, our effort for the next period will
emphasize the application of dielectric guiding structures and couplers at mm
waves.

References

(i) Mei, K. K., "On the integral equations of thin wire antennas," IEEE Trans. on
Antennas and Propagation, vol. AP-13, no. 3, May 1965, pp. 374-378.



EM-83-O - p. 3

(2) Mei, K. K., "Unimoment method of solving antenna and scattering problems,"
IFRE Trans. on Antennas and Pronagation, vol. AP-22, no. 6, Nov. 1974, pp.
760-766.

(3) Stovall, R. and K.K. Mei, "Application of a unimoment method to a biconical
antenna with inhomogeneous dielectric loading," IEEE Trans. on Antennas and

4Propagation, vol. AP-23, no. 3, May 1975, pp. 335,342.

(4) Chang, S. K. and K. K. Mei, "Application of the unimoment technique to elec-
tromagnetic scattering by dielectric cylinders," IEEE Trans. on Antennas and
vol. AP-24, no. 1, Jan. 1976.

(5) Morgan, M., "Numerical computation of electromagnetic scattering by inhomo-
geneous dielectric bodies of revolution," Ph.D. Dissertation, University of
California, Berkeley, 1976.

(6) Hunka, J. F. and K. K. lei, "Numericai computation of electromagnetic
scattering by two bodies of revolution," USNC/URSI Meeting, November 1978,
Boulder, Colorado.

(7) Hunka, J. F., "Scattering by two bodies of revolution," Ph.D. Dissertation,
University of California, Berkeley, 1979.

(8) Mei, K. K., J. F. Hunka and 2. K. Chang, "Recent developments of the unimo-
ment method," presented at the International Symposium on Recent Developments
in Classical Scattering, Columbus, Ohio, June 1979. Also to be published in
Recent Developments in Classical Scattering, edited by V. K. Varaden,
Academic Press.

(9) Chang, S. K. and K. K. Mei, "Multipole expansion technique for electromag-
netic scattering by buried objects," Electromagnetics, vol. 1, no. 1, pp.
73-89, Jan.-Mar. 1981.

(10) Chang H. 0. and K. K. Mei, "Scattering of EM waves by buried or partly buried
body of revolution," IEEE Antennas and Propagation International Symposium.
Los Angeles, pp. 653-656, June 1981.

(11) Yee, K. S., "Numerical solution of initial boundary value problems involving
a Maxwell's equation in isotropic media," IEEE Trans. on Antennas and Propa-
gation, vol. AP-14, pp. 302-307, May 1966.

(12) Taflove T, and M. E. Brodwin, "Numerical solution of steady state electromag-
netic scattering problems using time-dependent Maxwell's equations, IEEE
Trans. Microwave Theory and Tech., vol. MTT-23, pp. 623-630, August 1975.

(13) Merewether, D. E., "Transient currents induced on a metallic body of revolu-
tion by an electromagnetic pulse," IEEE Trans. Electromagnetic Conpatibility,
vol. EMC-13, pp. 41-44, May 1971.
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Scientific Objective

The objective of this researcn is to complete the study of the mul-
tiple scattering near lossy 7round usinp the Unxmoment Method and to
develop the time domain solutions of scattering problems.

State of the Art

Multiple scattering near los:xy ground is a problem now solvable by
the Unimoment Method and it is completedl ,2. The time domain solution
of the scattering problem has hitherto been solved using a rectangular
space grid, which does not conform well to the geometry of the target.
Our new approach using a conformal grid and a new radiation boundary
condition will literally open up a new area for research.

Progress and Publications Since Last Major Pronosal

1. Exoerimental System

Considerable experimental results have been obtained on high-
frequency scattering by multiple spheres3 . These were primarily back
scatter measurements because bistatic measurements involved considerable
difficulties; consequently, a refinement of the equipment was under-
taken.

A semi-automated radar cross-section measurement system has been
developed where it is possible to obtain scattering data to be used as
verification of the numerical results. The system consists of an indoor
image ground plane with a CW microwave system operating in the x-band.
It utilizes the well-known null balance technique for extracting the
scattered field. A process computer is linked to the system via a net-
work analyzer which is used as a coherent detector. The measurement
system employs a reciprocal measurement technique (RMT) which enables
one to obtain bistatic scattering data 4 . The process computer stores
and removes inherent errors in the system and processes the data in a
variety of formats.

The measurement system has proven successful in verifying previous
numerical analysis endeavors . The accuracy of the system has been
shown to be reliable for cross-sections on the order of the wavelength
squared.

2. Computation

The program of scattering hy two bodies body of revolution near
lossy ground is near completion.

A. Publications under JSEP

J. F. Hunka, "Flectromagnetic scattering by two bodies of revolution,"
Ph.D. Dissertation, University of 'alifornia, Berkeley, 1979.

!A.
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K. K. Mei, J. F. Hunka and S.K. Chang, "Recent developments of the uni-
moment method," International Symposium on Recent Developments in Clas-
sical Scattering, Columbus, Ohio, June 1P79. To be published as a
chapter in Recent Developments in Classical Scattering, edited by V. K.
Varadan, Academic Press. J. F. Hunka, 'Scattering of two bodies of
revolution," to be published in Journal of Electromagnetics, July-
September 1981.

K. K. Mei, "Recent developments in the Unimoment Method," URSI 20th Gen-
eral Assembly, Abstracts Sessions of Commissions, p. 390, Washington,
D.C, Aug. 1981.

J. F. Hunka and K.K. Mei, "Scattering by two bodies of revolution," IEEE
Antennas and Propagation Symposium and USNC/URSI 1980 Meeting, Quebec
City, Canada, June 1980.

B. Publications under Other Sponsorship

H. Kao and K. K. Mei, "Scattering by advanoed composite bodies of revo-
lution", USNC/URSI Conference, Seattle, Washington, June 1979.

S. Coen and K.K. Mei, "Inverse scattering of layered media," 11SNC/URSI
Conference, Seattle, Washington, June 11471).

S. K. Chang and K. K. Mei, "Generalized Sommerfeld integrals and field
expansions in two-medium half-spaces," IEEE Trans. on Antennas and Pro-
pagation, vol. AP-28, no. 4, pp. 504-512, July 1980.

T. M. Kvan and K. K. Mei, "The internal fields of a layered Radome
excited by a plane wave," IEEE A? International Symposium, Los Angeles,
June 1981, pp. 608-611.

H. Chang and K. K. Mei, "Scattering of EM waves by buried or partly
buried bodies of revolution," IEEE International Symposium, Los Angeles,
June 1981, pp. 653-656.

Government Scientist Contact

Professor Mei is in frequent contact with scientists of the Army
who are interested in the work of electromagnetic scattering.

Significant Accomplishments

We have positively demonstrated that the Unimoment Method is a
powerful computational techni que to solve scattering problems involving
inhomogeneous material targets, and that an iterative technique follow-
ing the Unimoment Method is an economical approach to solve two-body
scattering problems1 . In an effort to solve two-body scatterings near
an air-ground interface, we have investigated a new addition theorem
involving Sommerfeld integrals. This investigation has been successful,
using the theory of analytic continuation. We are now in a position to
implement the new addition theorem to find scattering by two bodies,
where one may be abve and the other under the ground.
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Proposed Research Program

Our research has already shown that the two metal body scattering
can be computed accurately and economically. Our new objective is to
extend the study to multi-body scattering involving lossy ground. We
shall also study scattering and radiation properties of wire structures
which are partially buried in a lossy ground, or the multi-medium
scattering, and two-body scattering where one body is above and other
under the ground. Recently we have also included the work of time
domain approach to electromagnetic scattering. We have formulated a
numerical algorithm, so that the time domain finite difference technique
may be conforming to the curved boundaries of the scatterer. We have
already demonstrated the feasibility of the conformal TDFD method' and
intend to further exploit the successes. Experimental verification of
the computation of scattering by buried objects is planned and will be
included in this research effort.

Interaction with Other Work Units

The techniques developed in this research will be applied to other
work units in the proposal, such as EM-84-2.

References

(i) J. F. Hunka, "Electromagnetic scattering by two bodies of revolu-
tion," Ph.D. Dissertation, Department of Electrical Engineering and
Computer Sciences, University of California, Berkeley, 1979.

(2) K. K. Mei, J. F. Hunka and S. K. Chang, "Recent developments of the
unimoment method," International Symposium on Recent Developments
in Classical Scattering, Columbus, Ohio, June 1979. To be pub-
lished as a chapter in Recent Developments in Classical Scattering,
edited by V. K. Varadan, Academic Press.

(3) D. J. Angelakos and N. Kumagai, "High-frequency scattering by mul-
tiple spheres," IEEE Trans. on Ant. and Prop., vol. AP-12, no. 1,
January 1964, pp. 105-109.

(4) J. F. Hunka, R. E. Stoval and D. J. Angelakos, "A technique for the
rapid measurement of bistatic radar cross-sections, IEEE Trans. on
Ant. and Prop., vol. A?-25, no. 2, March 1977, pp. 243-248.

(5) M. Morgan, "Numerical computation of electromagnetic scattering by
inhomogeneous dielectric bodies of revolution," Ph.D. Dissertation,
Department of Electrical Engineering and Computer Sciences, Univer-
sity of California, 1976.
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Scientific Objective

This project is based on the emergence of a new level of
millimeter-wave technology, based on use of semiconductor integrated
circuits. The electromagnetic structure to be used in this region of
the spectrum will probably have to be quite different from those used in
existing microwave technology. Appropriate structures (a) should con-
tain little or no metal, as the latter introduces resistive losses; (b)
should have dimensions in the range feasible for existing microfabrica-
tion technology (loosely speaking, .0002 - 1.0 cm). (c) should yield
desired structurbs without undue fabrication complexity; and (d) should
lend themselves to low-cost replication and integration into systems.
The scientific objective of this project is thus the realization and
analysis of novel antenna and waveguide structures for use in this
emerging application.

State of the Art

Conventional millimeter-wave technology at present makes use of
hollow metal waveguides. The resulting structures work well in most
cases but suffer from problems of cost, size, and fragility; moreover,
they become progressively smaller and more difficult to construct as
wavelength decreases into the near-millimeter region. The most promis-
ing alternative appears to be the slab-coupled dielectric waveguidel.
No exact theory of these guides exists. There is an approximate
theory2 , or, alternatively, numerical methods exist3 that can, at some
cost in time and effort, be used in specific cases. Until now these
guides have not been adapted for millimeter-wave use but similar guides
have been considered for use in integrated optics4t . In our own ear-
lier work6 we demonstrated the use of these guides in millimeter-wave IC
applications by using them as the basis for tapered dielectric antennas.
Other possible guiding structures have been proposed7 "12 , but these seem
less advantageous due to fabrication difficulty and/or metallic loss.
Open structures are also posssible13 but these are large and lack rigi-
dity. A non-integrated millimeter-wave'dielectric antenna was devised
by Shiau 14 using empirical formulas due to Mallach and Kiely 15 "

At frequencies below 100 GHz metallic lines appear to be prefer-
able. Our work emphasizes coplanar waveguide.

Progress and Publications

Publications Under JSEP and Other Support

C. Yao, S. E. Schwarz and B. J. Blumenstock, "Monolithic integration of
a dielectric millimeter-wave antenna and mixer diode: an embryonic
millimeter-wave IC," to appear in IEEE Trans. on Microwave Theory and
Techniques, August 1983.

T. Wang and S. E. Schwarz, "Design of dielectric ridge waveguides for
millimeter-wave integrated circuits," to appear in IEEE Trans. Microwave
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Theory and Techniques, March 1983.

Government Scientist Contact

(a) We have an ongoing project with U.S. Army MERADCOM intended to
apply principles of antenna design to development of MM-wave imaging
arrays. (b) Attended meeting on "Integrated Optics and MM and Microwave
Integrated Circuits," November, 1981, which had Army participation.

Significant Accomplishments

D. B. Rutledge completed his Ph.D. with JSEP support in June, 1980.
He is presently an Assistant Professor at California Institute of Tech-
nology. From his work and collaborations there resulted a new type of
detector array and a novel microbolometer for infrared detection. This
detector consists of a thin bismuth bolometer film with dimensions much
smaller than a wavelength. The small size of the detect?6 resui.y in
reduced NEP and faster response. A video NEP of 1.6 X 10 W/Hz is
obtained at 119 pm, remaining within a factor of 10 of this value for
modulation frequencies up to 25 MHz. WheqAused as a mixer, the device
is predicted to have an NEP of 3.5 X 10-'u W/Hz. It is easily fabri-
cated with conventional planar processing techniques and can be repli-
cated in arrays. The device is expected to be most useful when the
radiation to be detected is spatially coherent.

In recent work we have studied coplanar waveguide (CPW) as a basis
for integrated circuits operating below 100 GHz 16,17. Preliminary
results indicate that the radiation loss of unenclosed CPW is adequately
low. Tunable resonators and bandpass filters have been designed and
tested at 5 GHz. These results are significant because they open a way
to tunable, integrable local oscillators for monolithic receivers.

Proposed Research

The most promising basic component for millimeter-wave IC's appears
to be the dielectric "slab-coupled" or "ridge" waveguide. Although this
type of guide was proposed and studied earlierl, 2 , it appears not to
have found applications until now, and thus has not been extensively
analyzed. Existing theory is highly approximate, due to the fact that
the guide boundaries do not fall on coordinate surfaces. Precise
theoretical analysis is posssible but requires laborious computation.
Our intention is to make use of both approximate and computational tech-
niques, but to supplement them with simulation experiments at X-band.
By this means it will be possible to obtain dispersion curves for vari-
ously shaped guides of this family and compare them with theory. Elec-
tromagnetic field distributions will also be studied.

When the guides are adequately, characterized, we shall go on to
study their potential use as a basis for other components. For example,
it seems logical to create a hybrid coupler by bringing two of these
guides close together, so they couple through the fringing fields of
their common slab. However, this raises significant electromagnetic
questions. We must determine whether the guides can be curved (in order
to bring them together and separate them) without excessive radiation
loss. Radiation losses will depend on the dimensions of the guide and
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this dependence must be studied. The design of such a coupler will also
require detailed knowledge of the fringing fields. Thus before such a
coupler can be effectively designed, theoretical and experimental stu-
dies of the guided fields must be made.

An interesting alternative to the use of curved guides is the pos-
sible introduction of abrupt double bends, such as are used in hollow
metal waveguides. The basic idea here is to obtain the desired deflec-
tion by using a sequence of two bends, the reflection of the second of
which is used to cancel the reflection of the first. "Fine-tuning" of
such a structure can be applied by perturbing the shape of the guide.
This approach will be studied as a way of obtaining more compact bands
with possibly reduced radiation loss.

An especially interesting application of the dielectric guides is
their use in resonators. There is a serious need for new radiation
sources in this region of the spectrum, especially integrable ones, and
these new sources will need integrable resonators. Evident ways of pro-
ducing resonators based on slab-coupled guides includes (a) circular
"racetrack" resonators with hybrid couplers; (b) "open-circuited" sec-
tions of guide with perpendicular cleaved end-faces; or (c) guides with
periodic distributed-feedback structures. All of these, when looked at
more closely, are relatively sophisticated structures, for which careful
analysis will be required. Related problems we also propose to study
are (a) how can such resonators be tuned? and (b) how can active ele-
ments be coupled to them to create oscillators? In regard to (a), we
plan to study perturbation of phase velocity caused by presence of adju-
stable external dielectrics in the fringing fields. With regard to (b),
two possibilities are being investigated. One is the use of metallic
couplers such as have been used with mixer diodes in earlier work; the
other is incorporation of large-area devices directly in reduced-height
guides, with electromagnetic coupling. It is hoped that enough under-
standing of the requisite structures can be gained to make new mm-wave
sources a practical possibility.

During the last year we have proceeded with our program of charac-
terization of the "rib" waveguide. By means of probe measurements
dispersion characteristics have been determined. More recently we have
worked on optimal design of the V-coupler used to couple diodes to the
guide. We plan to continue this work and to develop design rules for
this unusual and useful component. In particular, our objective is to
reduce the coupling loss between diode -nd guide, by optimal choice of
the coupler and guide dimensions.

When design of the V-coupler has been completed we shall proceed to
the previously-described design studies of hybrid couplers and resona-
tors. The resonator studies, especially, are urgently needed for
development of monolithically-integrated radiation sources. Development
of the semiconductor devices is being carried on concurrently under
other support.

Our recent success with devices based on CPW encourages us to
proceed with analysis of other system elements. In particular, we need
to study the special filters and tuning elements required for a low-loss
receiver front end. We will continue to use 5-GHz simulation as aa
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principal tool for analysis. Fventually we hope to determine optimum
design criteria for such receivers.
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General

Two important aspects of material research concerning microstructure
engineering are control of growth and doping process, and understanding of
interface problems. In the Electronics Research Laboratory, we have
developed extensive expertise in silicon technology and, to a lesser degree,
in GaAs technology. Processing steps such as lithography, impurity diffu-
sion, plasma etching, ion beam milling, ion implantation, and liquid-phase-
epitaxy (LPE) have been widely and routinely used. Recent advances in thin-
film growth technology, especially chemical vapor-phase deposition (CVD) and
molecular beam epitaxy (MBE), have opened new options in the fabrication of
submicron electrQnic devices. Through JSEP funding, we recently purchased a
Riber MBE system and a scanning Auger microprobe (SAM), and have ordered
equipment for photoluminescence (PL) and deep-level transient spectroscopy
(DLTS) experiments. These facilities greatly enhance our experimental capa-
bilities in thin-film growth and in interface studies. A great deal of our
research effort will be focused on developing the capabilities of the MBE
system and the SAM instrument, and applying these capabilities to thin-film
growth and analysis.

It is conceivable that fabrication of future submicron electronic dev-
ices will involve a combination of several growth and processing steps, such
as MBE, ion implantation, laser annealing, and heat treatment. It is our
plan to develop the capability not only in growing thin films under con-
trolled conditions, but also in determining the impurity distribution and
composition profile in the grown films before and after the various process-
ing steps. Processing and growth steps, such as ion implantation and MBE,
either introduce lattice defects or involve high doping concentration beyond
the solid-solubility limit, or both. These problems must be investigated.
Since the MBE technology has been most developed for GaAs/(GaAl)As and since
we already have extensive experience with LPE growth of GaAs/(GaAl)As films,
our initial effort on the MBE system will deal mainly with GaAs/(GaAl)As
materials. A research program on the MBE process is presented under SSM-3
entitled "Molecular Beam Epitaxy and its Application to Studies of Material
Aspects of Microstructure Engineering."

As the dimension of electronic devipes is reduced further and further,
the interfaces of a device are expected to play a more and more important
role in affecting the device performance. Even for silicon devices which
have been most extensively studied, many important interface problems remain
to be understood and overcome. One such problem relates to hot-electron
injection and trapping at the interface between silicon and overlying insula-
tor layers. A major effort will be focused on the development of an under-
standing of interface traps in both their properties and in their effects for
modeling. A research program on determining trap density and cross section
and on modeling channel hot-electron'emission is presented under SSM-1 enti-
tled "Hot-Electron Injection and and Trapping at Si/Insulator Interfaces."
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In parallel with this effort, a research program on metal-compound semicon-
*i ductor contact is discussed under SSM-3.

Besides Si and GaAs, a great deal of attention has been paid recently to
the quaternary compound (GaIn)(AsP) and the ternary compound Gao.471no.5 3P,
the former for its spectral coverage as a laser for fiber optical communica-
tion, and the latter for its high electron mobility and peak drift velocity.
Compound semiconductors have many distinct advantages over silicon. Com-
pounds of larger gap energy can be made semi-insulating by compensation and
compounds of smaller gap energy have very high electron mobility. The misci-
bility and the possiblity of lattice-match of these compounds enables us to
build electronic and optical devices with materials different from the sub-
strate and thus to take full advantage of the material properties. A
research program on the LPE growth of the quaternary compounds, the
quaternary-compound laser, and the metal-quaternary compound contact is
presented under SSM-2 entitled "III-V Compound Semiconductors: Material Pro-
perties and Device Studies."

In summary, three research programs are proposed in MBE technology, in
interface studies and in the quaternary compound (GaIn)(AsP). The main
objectives are: (1) to study the characteristics of the KBE process and to
explore potential use of the MBE process for fabricating submicron electronic
devices; (2) to determine the electrical and material properties of a metal-
semiconductor interface and to study the effects of interface properties on
the device performance; and (3) to develop the processing technology for the
quaternary compound and to explore the possible use of the compound for
integration of electronic and optical divices.
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Scientific Objective

The objective of this work is to characterize and understand hot-
electron injection and trapping at the interface between silicon and
overlying insulator layers, and to investigate means of gaining control
over these phenomena. It is also our objective to study other related
hot-electron phenomena such as minority carrier injection into the sub-
strate and breakdown in the Si/Si0 2 system.

State of the Art

Hot electrons can be injected into silicon dioxide in several ways.
An important example is channel hot-electron injection i , which occurs
with increasing likelihood as MOSFET channels are shortened and which
imposes practical constraints on the operating voltage of short channel
MOSFET's2,3 . Injection can also take place through internal photoemis-
sion4 , Fowler Nordheim tunneling at high fields5 , and avalanche break-

$ down near the Si surface6 . Once a conduction electron enters the oxide,
it can be captured by traps in the SiO 2 band gap formed by impurities or
defects. The buildup of trapped charge Q is often monitored by measur-
ing the change of the flat band voltage A VFB - usually through C-V
measurements. If the approximate location of the traps is known, then
we can determine Q from Q - VFB, where dt is the centroid of the
trapped charge measured from the metal-SiO 2 interface. It is clear that
the technique senses the internal field at the Si/SiO 2 interface created
by charge Q. This method, however, canno t be reliably applied to study-
ing SiO 2 grown from poly-crystalline Si. One other technique can sense
the field at the interface - the photocurrent-voltage7 technique. This
method, however, is inconvenient to use. We propose to measure the
change in the internal field due to Q by measuring the shift of the I-V
curve. In other words, the Fowler-Nordheim injection is used both as
the mechanism of electron injection, and as a means of measuring Q.

Using a first-order, rate-process model, it can be shown8 (given a

trap density N and capture cross sectton d) that:

Q q N(I-e ) (1)

F J(t) dt (2)
q

where J is the current density and F is the electron fluence. Hence, an
established procedure is to measure Q as a function of F and then to
extract Nt and a from the data by curve fitting with Eqs. I and 2. As a
result, only discrete values of c have been reported for traps in Si0 2

grown from single crystal Si without regard to possible spreads of 0
over a finite range.

Finally, a quantitative model of channel hot-electron injection is
presently not available. It has only been established that as electrons
move from source to drain, they become sufficiently heated so that some
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attain the energy needed to surmount the 3.2 eV barrier at the Si/Si0 2
interface and enter the oxide.

Progress and Publications

Without JSEP support, we have already studied Fowler-Nordheim tun-
neling into SiO 2 grown from poly-Si and observed electron trapping9 (C.
Hu, Y. Shum, T. Klein, E. Lucerno, Apol. Phys. Lett., July 15, 1979).
We have developed a method for determining the trap cross-section and
density distribution1 0 (C. Hu, D. Y. Joh, Y. Shum, T. Klein, IEDM, Dec.
1978, pp. 229-232), together with a ballistic model of hot channel elec-
tron transport and emission into Si0 2

11 (C. Hu, IEDM, Dec. 1979, pp.
22-25). We have carried out extensive studies on gate currents in
avalanching gated diodes 1 2 (R. Amantea and R. S. Muller, Jap. Jour.
Appl. Phys., vol. 16, Suppl. 16-1, pp. 205-210, 1977), and have built
special resistive-gated MOSFET's to assure uniformity of injection along

the channel13 (P. K. Ko and R. S. Muller, IEDM, 1979, pp. 506-507).
A paper, "Correlation Between Substrate and Gate Currents in MOS-

FETs" (S. Tam, P. Ko, C. Hu, R. S. Muller) has been accepted for publi-
cation in the November 1982 issue of IEEE Trans. on Electron Devices.
Also accepted for publication in IEEE Electron Devices Letters is a
paper entitled "Hot-Electron Induced Excess Carriers in MOSFETs" (S.
Tam, F. C. Hsu, C. Hu, R. S. Muller, P. Ko). Another paper has been
submitted to IEEE Electron Devices Letters, "dv/dt Breakdown of VDMOS-
FET."

Significant Accomplishments

We have identified the mechanism of minority carrier generation in
the substrate as photo-carrier generation. The photons are generated in
the high field region in the transistor channel by hot electron
bremsstrahlung radiation. These photons have an average decay length of
780 jum and can cause DRAM refresh time degradation and even logic cir-
cuit malfunctions throughout the chip. Furthermore, present techniques
such as the use of guard ring (psuedo collector) are ineffective in
sto ping the photons. The rate of photons emission is found to be 2 x
10-9 Isub/q.

We have also derived and proven a power law relationship between
channel hot-electron gate current and the substrate current. This
should significantly simplify the testing for device reliability since
the gate current can now be deduced from the measured substrate current,
which is larger than gate current by 1010.

Proposed Program

Two topical areas will be investigated simultaneously: (A.) trap
density and cross-section distributions in gate insulators, and (B.)
models for hot electron emission from MOSFET channels.
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A. Trap Density and Cross-section Distributions

The two parameters linked most closely to electron trapping and
device stability are trap density and capture cross-section. Below, we
describe a method that determines the trap density per unit cross-
section as a continuous function of the capture cross-section N(8) - - a
task hitherto untenable.

From first-order rate processes, the density of filled traps Nf(c)
increases according to

dN() = o{N( ) - Nf( )] (3)
dF

The 'olution of (3) is

Nf(0,F) = N(o)(1-e - CF,) (4)

The shift in the C-V or I-V curves, L V is related to the filled
trap density by

V t = t N f(O, F)da (5)

dAY qdt - dNf (oF)

0 -ar---doCl -f €dF d

-qdt 0 ON( )e'Fdo (6)

Clearly, is the Laplace transform of dt 6!N(d). The distribution

N(0) can be obtained by taking the inverse Laplace transform of the

measured dQV. If d4FV can be approximated by an analytic function, the
6 dl dl'

inverse transformation is often easy to carry out. Otherwise, numerical

techniques can be employed.

We propose to use this method to investigate the dependence of trap
densities and cross-section distributions on the growth conditions for6 the insulator, the exposure to radiation, of the MIS system, and the

annealing conditions used in the fabrication process. Even the more
conventional characterization techniques have not been applied to the
most promising insulators in submicron devices. We propose to study the
traps in very thin (< 300 1) Si0 2 , thermal as well as CVD nitride, SiO 2
grown on poly-Si -- both as-deposited and laser-annealed.

6.

4 .--. ,.i ,lii lIlIII Ni i..
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B. Modeling Channel Hot-Flectron Emission

Channel hot-electron emission is expected to be a principal problem
affecting the reliability of short channel MOS devices for VLSI.

Modeling of this phenomenon has been hindered by the large number
of variables involved and the inability to verify the individual build-
ing blocks of the model1 2- 14 . We propose to develop a relatively simple
ballistic transport model, whose central premise is the verified and
accepted "lucky electron model " 2 originally introduced for hot-electron
emission into the substrate. The modifications needed for channel hot-
electron emission are to require that an electron gains sufficient
energy from the field, and that it be redirected by acoustic phonon
scattering toward the Si/insulator interface before suffering an
energy-robbing, intervalley-phonon scattering. Also included are the
scattering in the finite distance between the channel electrons and the
interface and in the image-force potential well in the oxide. The only
device-dependent input to the model is potential distribution in the
channel along its length, which may be obtained from approximate ana-
lytic formulas or from computer models of the device.

This model should be able to predict the dependence of the channel
hot-electron emission rate on V,, Vds, channel length, gate-oxide thick-
ness, and the channel doping profile. We have developed a preliminary
version of such a model 1 1, but much more needs to be done. The final
model would likely make use of the multi-dimensional device simulation
programs being developed elsewhere to calculate the surface potential
distribution between the source and drain.

Even the preliminary model has suggested several intrisJag co'..
cepts that we propose to study experimentally in parallel f fin-
ment of the model. The ballistic "lucky electron" model aiggests that
if the drain-source potential is kept below 2.5 volts, the channel hot-
electron emission is very small -- regardless of how short the channel
may be. If this is borne out by experiments, it could have far-reaching
impact on the physical limitations of very short channel FET's.

Another concept suggested by the model is that the hot-electron
emission is almost uniquely determined by the maximum field strength in
the channel. If so, it should have a one-to-one correlation with the
substrate current, which has been theoretically correlated to the max-
imum field, Em:

BE
Isub - Id A e

where A and P are material constants.
The correlation between channel hot-electron emission and Isub

would allow us to do device characterization and accelerated reliability
tests of the hot-electron instability by simply measuring Isub .  This
procedure would supplement or possibly replace the long-term stress
tests, which are the only available means of assessing the device insta-
bility associated with hot-electron phenomena.
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Scientific Objective

We propose to study the properties of the quaternary compound
(Galn)(As?) and the ternary compound Cao.4 71no.5 3 As concerning LPE and
MBE growth, lasing characteristics, ohmic-contact formation, and
Schottky-barrier height. The quaternary compound is important for its
spectral coverage best suited for fiber optical communications, and will
be studied as laser material. The ternary compound is promising for its
theoretically predicted high mobility and peak drift velocity. Our
objectives are to find the dominant factors affecting LPE and MBE
growth, lattice mismatch, impurity concentration, contact resistance and

* Schottky-barrier height in these materials, and to correlate the
material properties, such as lattice mismatch, doping profile and
material-composition profile, with the device performance, such as las-

* ing characteristics, turn-on voltage, and I-V characteristics, and with
the electrical measurements, such as carrier concentration and mobility.

State of the Art

III-V compound semiconductors possess many distinct and unique
advantages as an electronic and optical material. Most of the compounds
of smaller gap energy, such as InAs and InSb, have very small electron
mass and thus exceedingly high electron mobility. Some of the compounds
of larger gap energy, such as laP and GaAs, can be made semi-insulating
by compensation either through deep donors or through deep acceptors.
The compounds are almost completely miscible except in some systems
where a small miscibility gap exists. The mixed compounds can be
lattice-matched to a given substrate, for example (Ga1_xInx)(Asi..yPy) to
InP, by properly choosing the relative composition signified by x and y.
The miscibility and the possibility of lattice-match of these compounds
enable us to build electronic and optical devices with materials dif-
ferent from the substrate and thus to take full advantage of the
material properties, for example (Galn)As on InP, with the former for
its high mobility and the latter for its semi-insulating property.

Most of the compounds are direct-gap semiconductors and hence
attractive candidates as materials for lasers and photodetectors. In
compounds where the energy gap is direct, the energy separation between
the central valley (the direct gap) and the satellite valleys (above the
central valley) of the conduction band varies from compound to compound.
This variation offers various possibilities for mixed compounds. For
mixed compounds with relatively small separation, for example 0.36 ev in
GaAs, we expect the material to exhibit the so-called transferred-
electron or Gunn effect. For mixed compounds with relatively large
separation, we expect that the material should be able to attain a much
higher drift velocity than the value limited by the transferred-electron
effect. The possibility of a high drift velocity makes these materials
attractive candidates for FET. In any case, on a time scale shorter
than the intervalley-scattering time, the electron drift-velocity is
expected to continue to grow with increasing applied field to values
beyond those limited by the transferred-electron effect. This
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phenomenon, called velocity overshoot, makes compound semiconductors
extremely attractive for ultra-high frequency applications.

Among III-V compounds, the GaAs/(GaAl)As system has been most
extensively studied for both laser I and FET2 applications. For the
laser, a great deal of attention has been focused on stabilizing the
mode by incorporating a two-dimensional waveguide in the structure, and
remarkable progress has been made on the GaAs/(GaAl)As laser. Many
lasers exhibiting linear light-versus-current relation, stable
transverse and lateral mode pattern, and single longitudinal mode opera-
tion have been developed at several laboratories. These include the
buried-heterostructure (BH) laser 3 ,4 , the channeled-substrate-planar
(CSP) laser 5,6 and the laser utilizing thickness variation in the grown
layer to provide waveguiding in the lateral direction7 10. Among the
lasers referenced here are the IRW laser7 , the CJSF laser7 and the nar-
row DCC-CSP laser6 being developed and studied in our laboratory.
Recently, the research interest has shifted from the GaAs/(GaAl)As laser
toward the quaternary (GaIn)(AsP)/InP laser which covers the spectral
range where optical fibers have exhibited minimum loss (around 1.55
micrometers) or zero dispersion (around 1.3 micrometers). Because the
development of the quaternary laser is relatively recent, many problems
including mode stability and temperature sensitivity have not been fully
investigated and are yet to be overcome.

For the field-effect transistor, the emphasis is on low power and
high speed, and a power/speed product around 20 fJ and a propagation
delay around 100 ps have been reported by several laboratories (see
papers appearing in the special issue of MTT, Reference 2).To further
advance the FET technology, several important problems need to be over-
come and have received prominent attention. One of the steps used in
the fabrication of the FET is ion implantation. It is found, however,
that considerable degradation of the doping profile takes place during
annealing of Cr and S implants11 - 13. Although anodic oxidation has been
tried on compound semiconductors14 , the interface-state density is con-
siderably higher than that at Si/SiO 2 interface. For lack of a suitable
insulator, most FET's are made of Schottky-barrier gates in the form of
MESFET. However, the barrier height formed on Si and GaAs is generally
not as high as we hope to have. Theoretical studies15,1 6 have shown
that the degree to which the barrier height at a metal-semiconductor
interface is influenced by the metal work function is strongly dependent
on the ionicity of the semiconductor. Because Si and GaAs are covalent
the barrier height in these two materials is not expected to change much
with the metal, as confirmed by experimental data 15 . Therefore, an
interface material, such as silicide for silicon, must be found for com-
pound semiconductors between the metal and the semiconductor.

Recently, the ternary compound Ino.53 GaO.47 As has generated consid-
erable interest, not only as a photodetector for the quaternary
(GaIn)(AsP) laser, but also as a FET1 7 . Theoretical calculations 18 of
the low-field mobility and the peak drift velocitl in the ternary com-
pound show that ju - 9700 cm2/v-s and vm a 2.8 x 10' cm/s are higher than
the corresponding values in GaAs and InP, even with alloy scattering
being taken into account. The quaternary (GaIn)(AsP) and the ternary
Ino. 53 Gao. 47 As compounds offer exciting research opportunities for their

,'.i
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outstanding properties and for their relatively unexplored status. Our
research efforts will be concentrated at first on those aspects for
which we have acquired expertise and then extended to areas which, we
think, are important and in which we can :%aie significant contributions.

Progress and Publications

In the previous progress reports, we mentioned that we had started
LPE growth of InP films on InP substrates and fabricated a few stripe-
geometry lasers. We were able to achieve lasing action in a majority of
the lasers tested. With a 10 ;im stripe width, a surprisingly small
threshold current as low as 180 mA has been obtained. Since then, we
have made a great number of stripe-geometry lasers and taken x-ray meas-
urements of the lattice constants of the grown layers. The threshold
current depends to a great extent on how well the quaternary (GaIn)(AsP)
iayer is lattice matched to the InP substrate. The wafer showing the
low threshold current actually has a lattice mismatch almost comparable
to the resolution of the x-ray measurement and smaller percentage-wise
than that of the Ga Al0 As film relative to the GaAs substrate.
However, we had probY6s wf1f reproducibility. The nonreproducibility
of the results was due to lack of control in the accuracy required in
the weight of GaAs and InP charges relative to the In melt. A microbal-
ance to accurately weigh the GaAs and InP charges was purchased through
industrial funds. Now that the melt composition and the growth tempera-
ture are accurately controlled, we are able to obtain lattice-matched
(GaIn)AsP films for the 1.3 on, laser routinely and consistently. In the
meantime, we have performed experiments on Zn diffusion into InP, and
obtained consistently good results. We have developed, in conjunction
with Zn diffusion into GaAs, an ampoule which minimizes zinc deposition
onto the sample during cooling. The zinc diffusion process is now under
control.

Publications Under Partial JSEP Sunport

S. Wang, "Novel Semiconductor Lasers for Integrated Optics," paper 31,
vol. 317, pp. 93-98, SPIE Conference Proceedings, Conference on
Integrated Optics and Millimeter and Microwave Integrated Circuits,

4l (1982).

S. Wang, H. K. Choi and I. H. A. Fattah, "Studies of Semiconductor
Lasers of the Interferometric and Rinp Types," Jour. Quantum Electron.,
vol. QE-18, pp. 610-617, (1982).

K. Kojima, "Temperature Dependence of the Threshold Current of
(GaIn)(AsP) Lasers," M.S. Report (1982).

Significant Accomplishments

Very recently, a great deal of attention has been given to the
longitudinal mode spectrum of semiconductor lasers and to ways of
achieving single longitudinal mode operation. In our latoratory we have
devised a simple structure for the 1.3 ;am (GaIn)(AsP) laser and achieved
single longitudinal mode operation. Even at currents very close to the
threshold, the laser shows a pure, single wavelength. This result is

I!
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truly outstanding but unexpected. Although we believe uniform carrier
* distribution to be an important factor, other probable explanations are

being studied. In the meantime, experiments are being carried out on
lasers with similar but slightly modified structures to ascertain the
controlling factors for the observed behavior.

We have also started MBE growth of Cao. 47 1no. 53 As films on InP sub-
strates. After many adjustments in the growth conditions, recently we
have been able to obtain good HEED pattern from, and good surfacemor-
phology of, the grown film. Because of the scheduled shut-down of the
laboratory in October, we have concentrated our effort in MBE film
growth. The electrical properties of the grown ternary films together
with the x-ray determination of the lattice constants will be measured
in the month of laboratory shut-down.

Proposed Research

As discussed in the section on state of the art, the quaternary
(Ga1_xInx)(As1_yPy) compound and the ternary Ga0 53 1no.4 7 As compound
have outstanding properties, as laser material for the former, and as
photodetector and FET material for the latter. These materials, com-
pared to the GaAs/(GaAl)As systems, are still in the infant stage of
investigation, even though rapid progress is being made in material and
device studies. In our laboratory, we have acquired expertise in the
GaAs/(GaAl)As material through our work on the injection laser and have
gained experimental skills in measurements of electronic properties of
semiconductors through our work on integrated circuits. During the past
year, we have gained enough experience in MBE growth of GaAs and
(GaAl)As films on GaAs substrates and are currently expanding our
activities to growing Gao.4 71no.5 3 As films on InP substrates. We plan
to use the LPE facility to grow the quaternary (Ga._xlnx)(As1_yPy) com-
pound films and the MBE facility to grow the ternary Ga0 .4 71n0 53 As and
Alo.47 1n0 5 3 As films on InP substrates.

As mentioned in the sections on Progress and Significant Accom-
plishments, we have already successfully grown LPE layers of quaternary
compounds of excellent quality and achieved lasing action at the fiber
zero-dispersion wavelength (1 .3 pm) in stripe-geometry lasers. What is
exciting is that we are able to obtain single wavelength operation even
close to the threshold in stripe-geometry lasers. The mode spectrum is
pure without any detectable side wavelengths. This outstanding behavior
is not expected from the laser theory of Gordon based on amplified and
filtered spontaneous emission. Currently, we are investigating the
laser behavior in several basic stripe-geometry structures with slight
variations. We propose that this study be continued with the aim to
understand the physical mechanism leading to single wavelength (that is,
pure longitudinal mode) operation of the quaternary laser.

Besides single wavelength operation, another important problem con-
cerning quaternary lasers is temperature sensitivity. We have made a
survey of the literature and analyzed the experimental results reported
by several groups (see M.S. report by Kojima). The probable mechanisms
include Auger recombination, carrier leakage across the barrier, inter-
band absorption, and hot-carrier effect. Although Auger recombination
is believed to be the major cause for sensitivity to temperature, other
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causes such as carrier diffusion across the barrier can not be ruled
out. Possible laser structures with built-in barriers will be explored.
We propose that the study be extende~i to incluce probable indirect
effects of hot carriers. Also, particular attention will be paid to the
special chemical and growth properties of the quaternary compound so
that what we learn from laser fabrication can be applied to other device
fabrication. Recently, two vertical configurations have been proposed
for the GaAs FET, one utilizing an etched V groove 19 and the other util-
izing Be ion implantation20 . We propose that laser studies also be made
on the structure utilizing LPE growth over an etched channel. We choose
this structure because we can learn from it both the etching and growth
properties pertaining to a V groove. Further, special attention will be
paid to lattice match in the groove region, as any mismatch will cer-
tainly show in the laser performance.

As mentioned in the section on Progress and Significant Accomplish-
ments, we have started MBE growth of Ga0 .4 71no 53 As films on InP sub-
strates. Both the HEED pattern and surface morphology are good. We
propose that MBE growth be extended to AlI0 471n0 =3 As. Our aim is to
study the properties of the heterostructure of Ialn)As and (AlIn)As
lattice-matched to InP, for modulation doped FET and quantum-well

* lasers. As a basic topic for study of interface physics, we also plan
to investigate ways to make ohmic contacts to and Schottky barriers on
the two ternary compounds. Experiments to determine the doping concen-
tration by the C-V measurement and to find the carrier mobility by Hall
measurements are standard procedures in the IC laboratory. Now we have
the new capability of determining the composition and impurity concen-
tration in highly doped samples by the AES analyzer. Once the ion-
etching package and the DLTS set-up become operational, we will depth-
profile the impurity concentration in the MBE grown layer and across the
semiconductor-metal interface to correlate the depth-profile measurement
with the electrical (DLTS C-V and Hall) measurements. Also, as men-
tioned earlier in the section on state of the art, in view of the
covalent nature of III-V compounds 15 , 16 , an interface material is needed

* in order to significantly change the barrier height of a Schottky diode.
*Suitable metals such as Pt, which forms a silicide on Si, will be tried

on the quaternary compound, and again the depth-profile measurement will
be made to determine the interfacial composition and to correlate it
with the electrical properties of the metal-semiconductor contact.

Interaction With Other Work Units

Close interaction is expected with the work units on MBE and on
ion-implanted semiconductors, and frequent consultation is also antici-
pated with other work units, mainly in the IC and device area, for
electrical measurements.
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Scientific Objective

Recent advances in thin-film growth technology have opened exciting
opportunities, not only in the development of new device structures, but
also in our quest for a better understanding of material properties.
The objectives of this research program are (1) to master the MBE growth
technology for III-V compound semiconductors and for Si, and to develop
the associated processing techniques, such as etching and masking, suit-
able for the MBE process, and (2) to analyze, to characterize, and to
correlate the properties of the materials grown under different growth
conditions. Our goals are to seek an optimal approach and to deveiop
the needed technology for fabrication of devices of micron and submicron
dimensions where interface and surface properties are expected to play a
crucial role.

State of the Art

Over the last several years, significant progress has been made in
the thin-film technology based on epitaxy for the fabrication of optical
and microwave semiconductor devices. The three basic methods are
liquid-phase epitaxyl (LPE), vapor-phase epitaxy2 (VPE), including metal
organic chemical vapor deposition2 (MO-CVD, a form of VPE), and molecu-
lar beam epitaxy 3 (MBE). Among the three, LPE is the most extensively
used, especially in the fabrication of double-heterostructure (DH)
injection lasers. While the LPF technology has some distinct advantages
over the VPE and MBE technology, it has its limitations. One obvious
disadvantage is the lack of control on the film thickness and the impur-
ity profile due to the fast growth rate. Another serious drawback is
the impossibility of monitoring film growth and having the growth pro-
cess temporarily stopped for analytical examination of the grown film.
The MBE technology provides the answer to these problems and seems well
suited as a research tool for the fabrication and study of semiconductor
devices of micron and submicron dimensions.

One problem for which we must find a solution if we are to improve
the quality of epitaxially grown films of compound semiconductors is the
incorporation of unwanted impurities during the growth process. For
example, a dominant shallow donor 4 was found in LPE-grown (GaAI)As and
this impurity was thought to be sulphur introduced into the melt with
aluminum. Contaminants5 such as transition metals were reported to be
present in MBE-grown GaAs. The total contamination incorporated in a
MBE-grown film may be written as

C = (4/r) (d2 N/dt ds) (i)

where C is the impurity concentration, 4 is the sticking coefficient, rg
is the growth rate, and d2N/dt ds is the number of contaminant gas
molecules striking the growth surface per cm2 per see. From kinetic
theory of gases,
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d2 N/dt ds =3.- x 1022p!(MT)1/2 (2)

where P is the partial pressure, M is the molecular weight, and T is the
background gas temperature. Take CO as an example dhich has M = 28 AMU.
At a typical rowth rate r, = 1 rm/hr., the product 6P must be smaller
than 7 x 10- 1  in order to ensure C < 1014 cm"3 . This simple calcula-
tion tells us that we must be extremely careful with contaminants with
high sticking coefficients and high vapor pressure. It is important,
therefore, for us to have analytical equipment, such as CMA and SIMS, to
perform chemical analysis of the grown film and to use electrical meas-
urements, such as transient cavacitance-voltage spectroscopy, to charac-
terize the incorporated impurities.

Both the MBE and the MO-CVD growth techniques are capable of pro-
ducing high-quality filsas demonstrated in multiple quantum-well (MQW)
heterostructure lasers. ' Recent results on photoluminescence indi-
cate, however, that while Al-Ga disorder alloy clustering seemed to hage
taken place at the MQW heterostructure interfaces ir the MO-CVD films, ,
no evidence of clustering showed in the MBE films. The experiment is
an example of the need of employing a multitude of experiments in
characterizing and comparing films grown by different processes and
under different conditions. Even though lasers of low threshold current
densities have been reported using the LPE, MBE, and MO-CVD growth
processes, defect formation and impurity distribution during either epi-
taxiallrowth or subsequent processing remain the topics of intensive
study. Defect formation and impurity redistribution not only will
affect initially but also may gradually degrade the device performance.

Recent 13 interest in the MBE growth technology has extended to Si.
Iyer et al. have proposed a model to explain the dopant incorporation
characteristics of MBE grown Si. The smearing of doping profile is
explained in terms of a time constant required by the dopants to reach a
steady-state concentration. Using "flash-off" and "build-up" tech-
niques, extremely abrupt doping profiles for layers as thin as 200 A
have been achieved. This extra control on the dopant concentration may
enable us to incorporate heavily doped or highly resistive layers into
the MBE grown Si.

Hetero-epitaxial structures of Si/CoSi 2/Si12 and Si/Ge 13 have also
been demonstrated by solid phase epitaxy. Since the recyrstallization
takes place during subsfquent annealing cycles, solid state reactions
have created interfaces rlnd extended regions of misfit dislocations
adjacent to the interface. We believe that such interfacial imperfec-
tions can be eliminated or minimized by the MBE technique with coeva-
poration to form the silicide phase and the Si Ge solid solution.
Moreover, MBE growth can be achieved at substralex temperatures substan-
tially lower than the annealing temperatures required for solid phase
epitaxial growth.
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Progress and Publications
Under JSEP

The Riber 400 MBE system has been in operation for almost one
year. A leak in the cryoshroud was found. The cryoshroud was re-welded
and the leak was fixed. A leak in the bellows for tie HEED screen
shutter was also detected. The shutter mechanism on our system was of
an old design. We consulted Dr. D. Collins of Hewlett-Packard and Dr.
P. Luscher of Varian, and made a new shuttee similar to Varian's design.
Had we ordered a replacement shutter from riber, over six months would
have been wasted (they did not have one in stock). Both leaks had kept
the base pressure in the middle 10"10 range and were difficult to
locate. Now that the MBE system is functioning properly, it is under
operation almost continuously.

We have made numerous runs, first growing GaAs films and now grow-
ing (GaAl)As films on both semi-insulating and n+ GaAs. At first,
undoped GaAs films were found to be n-type of moderate resistivity.
Since we changed the As source to one bought from a different vendor,
the grown films unintentionally doped have been consistently of high-
resistivity p-type in agreement with the results reported in the litera-
ture. The Phi scanning Auger spectrometer purchased through JSEP fund-
ing was used to detect the presence of contaminants on GaAs and thus to
establish a proper cleaning procedure for GaAs surface. The Bell Lab.
procedure of etching in H0 SO 4H9 0:H20 and then oxidizing in de-ionized
H20 has resulted in a substantial reduction of the carbon peak to a mag-
nitude more than 10 times smaller than the oxygen peak. However, it was
found that improper cleaning left a sulfur peak of a fair strength.

SEM photographs were taken for each run to determine empirically
the growth rate. The Ga temperature was varied between 9800C and 1020 0 C
and the substrate temperature between 5900C and 6400 C. Growth rates
between I pm/hr. and 1.7 pm/hr. were obtained. The n-type films were Sn
doped and the p-type films were Be doped. (GaAl)As films with Al con-
tent between 0.14 and 0.19 were grown. The value of x was obtained by
comparing the relative strengths of the Ga and Al AES signals. The
renovation work currently under way at the Electronics Research Labora-
tory for the new microfabrication facility has caused some interruption
of the operation of the existing equipment and delayed our processing of
the grown films for a systematic evaluation of the electrical properties
of the grown films. All the films showed good HEED patterns and excel-
lent surface morphology (the surface appears spotless and mirror-like).

Besides Hall and resistivity measurements, experiments under
preparation include photoluminescence (PL) and deep-level transient
spectroscopy (DLTS). Once the equipment, ordered through both indus-
trial and JSEP funding, is on hand, which is expected shortly, charac-
terization of the grown films will commence. In the meantime, we have
planned the addition of a metallization chamber to the Riber MBE system.
Xerox has donated to us (through the goodwill of Dr. R. Burnham) a
vacuum chamber taken from their old Phi MBE system. We'll convert the
chamber into a metallization chamber, and have already received from NSF
partial funding toward the purchase of the ancillary equipment, such as
E-gun evaporator and ion pump, for the conversion. Work on the design
of the chamber has been completed, and actual work on the modification

4
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of the chamber and on the in3tallation of the equipment on the chamber
will start in the Fall Quarter.

Work on MBE on Si has also begun. So far we have completed the
assembly of an ultrahigh vacuum deposition chamber which has a base
pressure of 1 1 X 10 Torr. The deposition chamber will be separated
from the evaporation chamber with a gate valve. During evaporation, the
evaporant fluxes will enter the deposition chamber via an orifice with
the gate valve opened. Decoupling of the two chambers will ensure
better substrate cleanliness prior to deposition. In addition, vacuum
in the deposition chamber can be maintained at much lower pressures dur-
ing the evaporation cycle since both chambers are differentially pumped.

A Hall-effect measurement system has been completed. The set-up
has anodic stripping capability which will enable us to profile both the
carrier concentration and the mobility of the MBE grown layers.

Recent demonstration of the permeable base transistor 16 shows the
feasibility of hetero-epitaxial growth of device-quality semiconductor
films on metal. This hetero-epitaxy should lead to plsible other novel
high speed devices such as the metal base transistor. Such possibili-
ties will be explored for both GaAs and Si.

To fabricate three dimensional device structures, lateral defini-
tion of the device features becomes a necessity. To complement the MBE
technique, we have done preliminary studies to investigate the feasibil-
ity of using high energy (MeV) ion implantation to modify the electrical
properties of semiconductors. The major advantages of high energy ion
implantation are: (1) the ions can penetrate microns deep into the sem-
iconductor with a relatively low dopant and damage distribution near the
surface; (2) the lateral definition of device features can be done by
conventional masking techniques.

So far, we have performed implantations with the following ion-
target combinations: As -Si, B - InP and Si - GaAs. The Si studies
have been completed and the results are encouraging. We have been able
to predict the formation of amorphous regions using LSS theory and the
effect of substrate temperature during implantation is reasonably well-
understood (see paper I, publication list). Examination by spreading
resistance measurements, Rutherford backscattering spectrometry, SIMS
and cross sectional TEM shows that the top two microns of the Si are
monocrystalline even after a high implantation dose of 2 x 1015 /cm2 . No
redibtribution of the dopant (As) was observed during the post-
implantation annealing steps - 550 0C for solid phase epitaxial growth
followed by a 9000 C annealing for electrical activation (see paper 2,
publication list). The III-V semiconductor samples are under current
investigation by similar techniques and the experimental results will
soon be available. Plans for the near future include proton and oxygen
implantations into GaAs to fabricate isolation regions.

The masking technology for high energy implantation has also been
explored and we have established a standard procedure to delineate mask-
ing features using tungsten as the ion absorber. The W films were sput-
tered down onto the semiconductor substrate and etched by a SF6/02
plasma using a planar RIE system. Vertical walls of the W films can be
achieved with line features on the order of a couple of microns.
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Publications

(1) P. F. Byrne, N. W. Cheung and 7. K. Sadana, "Damage Induced
Through Megavolt Arsenic Imnplantation into Silicon," to be pub-
lished in Aonl. Phys. Lett.

(2) P. F. Byrne, N. W. Cheung and D. K. Sadana, "Megavolt Arsenic
Implantation into Silicon," to be published in Thin Solid Films.

Proposed Research Program

The availability of an MBE system should greatly enhance our exper-
imental capabilities in the area of microstructure engineering. We have
planned the MBE system not merely as a facility for growing thin films,
but also as a research tool for studying materials problems important to
electronic and optical devices of micron and submicron dimensions. In
the MBE system we have the growth chamber is separate from the analysis
chamber. This separate arrangement makes the MBE system useful for both
film growth and film analysis. We propose the following two main sub-
jects for research: (1) to study and to develop the MBE growth process
as a microfabrication technology, and (2) to investigate and to corre-
late the properties, including interface and surface properties of the
film grown under different growth conditions.

The controllability of the thickness, the composition and the dop-
ing concentrations of the films grown by the MBE process has been demon-
strated in a number of experiments, including super-lattices and DK
injection lasers. However, there are other important aspects of the MBE
growth process which have not been extensively investigated. We plan to
study the effects of growth conditions on the incorporation of electri-
cally and optically active impurities. Both the substrate temperature
and the vapor pressures of Ga, As and Al are important growth parame-
ters. The substrate temperature affects the grown film through its
effect on (1) mobility of deposited surface atoms, (2) escaping proba-
bility of deposited atoms, and (3) diffusion of impurities incorporated
into the film. By varying the temperature and pressure we hope to be
able to find an optimal growth condition for the (GaAl)As system. As
stated in the Progress and Publications section, we have already started
growing GaAs and (GaAl)As films under different growth conditions by
varying the Ga and Al oven temperature and the substrate temperature.
We propose that this work be continued and that the mobility, the doping
concentration and the activation of the dopants as electrically active
donors and acceptors be measured as a function of the growth condition.

Besides temperature and pressure, another important variable in the
growth condition is the substrate itself. One distinct advantage of
GaAs over Si is the availability of semi-insulating GaAs substrates upon
which electronic and optical devices can be built. It is well known
that GaAs can be made semi-insulating by compensation either through
deep donors known to be oxygen-related centers or through deep acceptors
known to be Cr-related centers. Since many GaAs devices such as FET's
and lasers require processing of the wafer at high temperatures such as
MBE growth of multilayer structures, the effect of diffusion of impuri-
ties in and out of the wafer, as well as in and out of the grown film,
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becomes an important problem as it definitely will affect the property
of the grown film. Thermal conversion of the conduction type (n into D

or p into n), probably due to redistribution of the deep-leve.
impuritiesls - 20 , has been reported in the literature, and in our labora-
tory we have observed a similar effect in 0-implanted and Cr-doped GaAs.
We plan to use the analytical instruments of the MBE system to provide
information on the diffusion of impurities in the films grown by the MBE
process on semi-insulating GaAs. Recently we have obtained from Dr. T.
Ranganath of Hewlett-Packard some high-purity semi-insulating GaAs
wafers. The electrical properties of the films grown on Cr-doped and
high purity SI GaAs wafers will be compared.

Insofar as microfabrication technology and device studies are con-
cerned, our work on MBE will be concentrated on three basic topics. One
area of great interest is visible lasers. The work of Tsang21 has
clearly demonstrated the importance of a high Al cladding layer to
minimize carrier diffusion across the barrier and thus reduce the thres-
hold current. We plan to use x = 0.65 for Al in the cladding layer, and
x between 0.20 and 0.30 for Al in the active layer to determine the
effect of satellite valleys and thus the ultimate limit of short
wavelength lasers. Professor Nishizawa of Tohoku University has
obtained an external efficiency 1-3% in (GaAl)As LED's at 6650 A with x
= 0.30. The advantages of using quantum well structures will be exam-
ined. Factors concerning the difference in the effective masses of the
central valley 1 and the satellite valleys X CB electrons as well as
possible means of raising the X valley minima will be investigated.

The second area of our current interest is the metal-semiconductor
contact, a subject of fundamental importance to semiconductor devices.
Although impressive results based on the MBE technology have been
reported over a wide range of subjects2 2, the contact problem has not
been extensively studied. The two-chamber (growth and analytir i)
arrangement of most MBE systems limits what one can do in maki- and
studying metal-semiconductor contacts. As reported in the Progr -3 and
Publication section, we are in the process of adding a metallization
chamber to our MBE system. This metallization chamber will enable the
deposition of refractory metals and provide the future possibility for
low-energy ion beam epitaxy. Questions important to the physics and
metallurgy of a metal-semiconductor contact include the possible
existence of a separate phase similar to silicide in the case of Si and
the possibility of introducing a diffusion barrier for certain metals.
We propose that our work on the metallization chamber be continued as
preparation for a basic study on metal-semiconductor contacts.

We plan to use the analytical instruments of the MBE system to mon-
itor the surface condition of a semiconductor before metal deposition
and to determine the interface structure after metal deposition. We
propose that the interface properties of metal-semiconductor contacts
prepared under controlled deposition conditions be studied for use
either as ohmic contacts or as Schottky barrier dias. The AES
analyzer will enable us to detect possible contaminants on the sub-
strate surface prior to MBR groqh as we have already done and to deter-
mine the interface composition after MBE growth and subsequent pro-
cessing of the grown films. The atomic structure of the interfaces will
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be investigated by ion beam channeling and high resolution cross sec-
tional TEM

The third area of proposed research is three-dimensional device
architecture. As discussed in the Orogr-ss and Publications section, we
have started work on deep impurity implantation in Si using MEI ions,
and obtained very encouragin? results. We propose that the work on deep
implantation in Si be continued. We also propose that work on three-
dimensional GaAs IC be initiated. As a feasibility study, high Al,
undoped layers will be grown to see whether or not the layers are suit-
able for use as the isolation between two vertical device structures.
Next, GaAs layers will be grown on both sides of the isolation layer and
deep dopant implantation will be made to determine the quality of the
electrical connection made by implanted MEV ions. In terms of the final
device structure, heterojunction bipolar transistors appear to be most
promising among the many devices considered for high speed IC applica-
tions 2 4 . The DH structure makes possible the combination of a low '.ase
resistance and a high emitter efficiency.

To complement the Riber MBE system which will be used for III-V
semiconductor studies, we are currently developing a home-made Si MBE
system to fabricate multilayer epitaxial structures. The combined
information obtained from both studies will provide us a more complete
picture of the KBE growth process and a better understanding of super-
lattice electronic properties. Investigations on the following modu-
lated structures have been planned:

(I) Homoepitaxy -- abrupt dopant profiles for Si.

(2) Heteroepitaxy -- (a) Si/Si 1_x Ge multilayersx

(b) Si/silicide multilayers.

We are currently seeking funding for the ultrahigh vacuum evapora-
tion chamber. A dual source with separate E-gun controls is proposed
for the deposition of binary phases. The dopants will be generated by
Knudsen-type cells or low energy implantation (e.g., the Cullatron
source). Processing iapd evaluation of some simpi devices such as the
metal base transistor and emitter-coupled logic will be performed at
microfabrication facilities of the Electronics Research Laboratory.

Interaction with Other Units

Close interaction is expected with the work in microfabrication
under SSD-84-1, SSD-84-2, with the work on material characterization
under SSM-84-1 and SSM-84-2, and with the work on injection lasers under
QE-84-1.
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Scientific Objective

The objective of this propusal is to attacK the Droblems limiting
photo and electron beam lithograuh, ana to predict the limits of practi-
cal lithography performance as advances are made in tne technology. The
two problems selected are -haracterizing the limits of resist perfor-
mance and the optimization of aligrnent signals for VLS . de are con-
structing automatic systems for determining both development and expo-
sure model parameters of resist materials. The dependence of resist
parameters and lithographic performance on process parameters will be
investigated both for new resist technologies, and for modifications in
existing technologies. We will also use resist profile quality studies
as well as basic resist parameter tests to assess the practical limits
of lithographic performance. The optimization of alignment signals for
VLSI will be based on a study of the fundamental effects of the scatter-
ing of electrons or diffraction of photons by various alignment mark
features. Where possible the alignment and focus signals for various
wafer marks will be characterized by using si;ple empirical, universal
models for the components of the marks. System considerations, such as
the signal to noise ratio, will be examined from the point of view of
optimizing the wafer mark geometry and signal detector system.

State of the Art

Automatic measurement systems for determining both the exposure and
development parameters of positive type photoresist were first esta-
blished a number of years ago at IB4 [I]. The exposure measurement
approach, which is based on monitoring the change in transmission during
UV exosure, is currently being widely adopted. A system of this type
has been developed at U. C. Berkeley with appropriate improvements such
as full bleaching exposure [21. The IBM system for determining the
development rate parameters is based on an in situ scanning reflectance
measurement. This system is much more complicated than the exposure
measurement system but a commercial system which is an option on a "Film
Thickness Analyzer" is available for about $100,000. The data rate of
this system limits its use to etch rates less than about 300 A/s.
Alternative approaches to produce a less expensive, more accurate, dedi-
cated system are also being made. At U. C. Berkeley in situ capacitive
probes [3] and remaining resist absorption techniques [2] have been
investigated. The major problems with these approaches are obtaining
experimental control over developer flow rates and geometrical areas,
and reducing sources of noise in measured signals. There remains a
pressing need for a more versatile and more universally applicable
automatic system capable of quantitatively measuring general development
parameters.

The interest in resist exposure and development parameter data has
increased recently due to the public availability of the user oriented
SAMPLE for simulating the projection printer resist line edge profiles
[4]. The exposure parameters at several wavelengths and development
rate parameters for a few of the popular resists are available in the
literature [5]. However, the available data is lagging far behind the
resists and developers of interest today. This gap is likely to widen
further with the greater diversity of processing conditions and imaging

4
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tools, especially with tne increaslni interest in deep wavelengths. A
high data rate system is critic:lly needed in order to extract model
parameters for existing and new resist technologies.

Several studies of the limits ;f lithography have been made. These
have generally been done on the basis of exposure dose limitations 6]
or image contrast [7,8,9]. Such studies have contributed to the under-
standing of the general importance of various lithography parameters.
However, most of the studies of lithography limits have not included the
consideration of development effects and are often of questionable prac-
tical value. For example, it is at first sight attractive to create a
resist with infinite contrast. However, in the presence of the finite
edge slope of typical optical images and vertical standing waves for
silicon substrates, a resist with infinite contrast would wash out
laterally along standing wave peaks long before punching through to the
substrate surface. The availability of combined exposure and develop-
ment simulation [4] now allows these effects which limit the practical
use of photolithography to be accurately explored [10,11J. The capabil-
ity to model multiple process step line edge profiles L12], will allow
the developer and compatible processing effects to be examined even more
completely at a composite process level. As advances in both the pro-
cess modeling tools and the fabrication technologies occur, it will be
possible to more clearly define the limits of practical lithographic
performance.

To realize the benefits of high resolution lithography, alignment
and registration techniques must be developed which are accurate to
within a fraction of the smallest replicated feature. Automated align-
ment using amplitude detection with complementary patterns is capable of
0.1 accuracy [13] and the use of phase sensitive grating techniques
shows even greater potential [14]. Optical projection printing systems
now under development are using alignment schemes based on bright field
[15] and dark field [16] techniques as well as modifications of grating
techniques [17], and even off-axis prealignment with laser interference
controlled stepping [181. The variety of alignment techniques presently
being tried is indicative of the poor understanding of the alignment
problem. The role of the alignment mark shape (3 dimensions), resist
pile up and interference effects of thin film overlays confuse mark
design. The tradeoffs in selecting the alignment wavelengths, bright or
dark field imaging, or alternatively grating techniques are so complex
that as yet no standard approach can be predicted.

All of these approaches depend on the quality of the signals dif-
fracted from wafer marks and the imaging of the optics which collect and
process the signals. The basic properties of the signals diffracted
from wafer marks can be explored using either simple physical approxima-
tions or, if necessary, rigorous electromagnetic methods such as are
used in the analysis of diffraction gratings [19]. The effect of the
signal collection optics can be assessed through suitable modification
of simulation algorithms such as those used for imaging mask patterns on
wafers [4]. The problems which may be attacked with this array of
analytical tools includes: (1) signal quality from typical IC process
alignment marks, (2) design of optimur. alignment marks, (3) understand-
ing of alignment time and accuracy tradeoffs in bright field imaging vs
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dark field imaging, vs grating alignment techniques.

Alignment in electron beam direct writing systems is potentially
considerably more accurate, but still presents rather formidable prob-
lems. This is particularly true for production use where wafer marks
are restricted to be process compatible and are frequently overcoated
with resist. Typical production alignment mark si gnals in the presence
of resist coating have been studied experimentally L20]. Theoretically,
Monte Carlo techniques have been extended to non-planar topography and
used to a limited extent to examine backscattered electron signals from
alignment marks [21-24]. It has also been found that for selective
etched silicon alignment marks that the total backscattered energy sig-
nal can be characterized by means of a simple universal curve [23,24].
There is still, however, a pressing need for more complete basic data on
the angular distribution of backscattered electrons from various wafer
marks and especially for a tractable means of modeling these results.

The key issue in both optical and electron beam alignment is
overall system performance. A typical measure of performance is the
signal to noise ratio which in turn determines the feedback data rate.
Since signal strength as well as alignment signature quality must be
considered, this leads to some interesting tradeoffs. For example, in
optical lithography dark field alignment produces a higher quality sig-
nal signature, but only at a much reduced level compared to the clear
field approach. Similarly, in electron beam lithography higher quality
signatures are available from collecting only the electrons which exit
the substrate at near grazing angles, but the number of these electronsqdecreases rapidly with the angle. The role of the wafer mark properties
and electron collection system on the resultant signal to noise ratio
can be a dominant factor in the optimization of overall system perfor-
mance. In both optical and electron beam lithography there is a need to
understand the alignment process in terms of models which can character-
ize these signal generation and collection tradeoffs. Thus there is a
critical need both in optical and electron beam lithography to include
the generation and collection of alignment signals into system con-
siderations in optimizing overall performance.

Progress

An apparatus for making in situ measurements of resist film thick-
ness during development or etching has been constructed. It is based on
monitoring the reflectivity at 6328 A which varies with thickness change
due to interference. The reproducibility of the initial system has been
upgraded through improved optics and developer temperature control. The
data collection and analysis has been automated. Presently the system
is being used to explore processing parameter effects such as prebake
temperature, developer temperature, and batch to batch variations.

An extensive Monte Carlo and experimental study of alignment sig-
nals from tapered Si steps, including resist coating, has been com-
pleted. Fundamental aspects of the electron scattering distribution in
energy, space and angle both within the wafer and in the backscattered
signal have been published by Y. C. Lin (Ph.D. thesis). As an extension
of that work, Albert Chen is applying the unique e-beam alignment capa-
bility to explore critical fabrication technology issues in IC devices
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and circuits. A lithography test mask set is being developed and used
to characterize the resolution, linewidth control and alignment of the
new ETEC direct writing e-beam system. CMOS devices of the lightly
doped drain type will be fabricated using hybrid optical and e-beam
lithography. The goal is to show the advantage of e-beam lithography in
component matching for linear circuits and demonstrate the use of its
unique alignmenr. ability as a tool for systemically exploring critical
parameters in device structures.

Y. C. Lin, A. R. Neureuther and W. (1. Oldham, "Alignment signals from
symmetrical silicon marks for electron beam lithography," ECS Journal,
accented.

M. Exterkamp, W. Wong, H. Damar, A. R. Neureuther and W. G. Oldham,
"Resist characterization: Procedures, parameters, and profiles," SPIE,
vol. 334, Optical Microlithography, paper No. 24.

M. Exterkamp, "A system to characterize positive photoresist," M.S.
thesis, Department of Electrical Engineering and Computer Sciences,
University of California, Berkeley.

D. Kim, W. G. Oldham and A. R. Neureuther, "Characterization of resist
development: Models, equipment, methods, and experimental results,"
Kodak Microelectronics Seminar, San Diego, CA., October 21-22, 1982.

Significant Accomplishments

A set of guidelines for designing e-beam alignment marks, including
resist coating effects, has been published. The in situ resist develop-
ment measurement system has been fully automated and gives reproducible
results. Data on resist processing parameters (bake, temperature, con-
centration, batch) has been obtained.

Proposed Research

Characterization of the Limits of Resist Performance

The in situ development rate system will be significantly upgraded
and used to quantitatively study development effects for a variety of
lithographic applications such as ion, e-beam and x-ray exposure. The
apparatus will be augmented so that controlled and reproducible experi-
mental conditions can be obtained. Especially important parameters are
the developer flow rate and temperature. Puddle, tank, agitation and
flow types of developing conditions will be emulated. Automatic data
reduction for extracting the etch rate vs. chemical concentration of
photoactive compound in optical resists will be developed. The system
will be used to make characterizations of ion, e-beam and x-ray resists.
Here the emphasis will be on studying second order effects beyond the
simple etch rate vs. dose model.

The exposure and development measurement tools will be used to
establish resist model parameters of practical interest and to charac-
terize changes in these as a function of processing parameters and
resist modifications. Several examples of current interest are the
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behavior of AZ1350J in strong (351) and organic developers and the
change in characteristics for the new striation fee version (AZ1450).
The properties of AZI350J used as a negative resist by means of image
reversal are also of key interest. The modification of the model param-
eters inherent in process steps such as post exposure baking or the
addition of adhesion promoters will also be explored.

To more clearly determine the practical limits of lithographic per-
formance we will establish the relationship between the resist model and
performance, assess the capability of various resist technologies, and
explore other basic limiting effects. The importance of the resist
model parameters on performance will be studied to obtain feedback as to
which parameters are significant and how they might be optimized. For
example, the standing wave effects can be suppressed to some extent
through appropriate modifications of the absorption parameters. An
investigation of new lithography strategies such as multilayer and inor-
ganic resists with plasma development will be made to assess from a
practical point of view their potential improvement in lithographic per-
formance. Other basic effects such as thermal degradation and blister-
ing which may limit the exposure intensity in serially exposed optical
steppers and e-beam systems will also be explored.

Optimization of Alignment Signals for VLSI

Methods of characterizing the effects of wafer mark properties and
signal collection optics on optical alignment signal signatures will be
explored. The quality of signals diffracted from wafer marks will be
considered by simple approximate physical methods and by more rigorous
diffraction grating integral equation numerical analysis techniques [18]
if necessary. The effects of the optics used in the collection of
alignment signals will be simulated through the extension of the image
capability of program SAMPLE [4]. This composite set of analytical
tools will be used to understand the role of the mark illumination, mark
shape, imaging approach and detector in the context of the entire align-
ment system.

Various optical and electron beam alignment schemes will be exam-
ined from an overall system point of view. Particular emphasis will be
given to the role of the models for the generation of alignment signals
from alignment marks and for the effects of the signal collection sys-
tem. The signal to noise ratio and other performance figures of merit
will be evaluated and used in comparison studies. We will attempt to
identify optimum alignment mark features and signal collection system
parameters for the dark field, clear field and grating type alignment
approaches. Similarly, for electron beam systems we will attempt to
optimize the alignment mark shape and collection angles. Special
emphasis will be given to the problem of the degradation of system
response with resist overcoating of the alignment marks.
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II. B. Basic Research in Solid Coordinator: Professor T. Van Duzer

State Electronics - Devices

General

Since 1960 solid-state device research and integrated circuit research have
been carried out in a common facility in the Electronics Research Laboratory. We
have long maintained and observed the obvious benefit; everyone enjoys a more com-
plete, flexible experimental capability. Further, as a consequence of sharing
experimental facilities, there has been a beneficial contact between research in
apparently quite different fields. One result is a significant t-, nsfer of tech-
nique, accelerating progress in experimental technology for all concerned. More
subtle results are the development of larger research goals in common.

An excellent example of the interaction of different research groups is the
research in electron-beam lithography initiated by Professor Van Duzer and his
students nearly 10 years ago to make very fine geometries in Josephson junction
structures. This background stimulated work by Professors Yaureuther and Oldham
to explore advanced lithographies for integrated circuits.

The fabrication facility continues as the focal point for the collaboration
between the device, design, and technology research activities in solid-s'ate
electronic devices. Recent additions to the laboratory have included a Riber
molecular-beam epitaxy system, an electron-beam lithography system for precision
multi-level structures, and a Plasmatherm parallel plate plasma/reactive ion dry-
etching system.

The proposals contained herein are all advanced device basic studies which
use the common laboratory facilities in the experimental phase. They have in com-
mon the state-of-the-art techniques required for successful fabrication. Such
processes as molecular beam epitaxy, ion implantation, high-resolution lithogra-
phy, plasma etching, and ion milling will be used, as well as more standard
processes such as diffusion and thin-film deposition. The research proposals also
have in common certain intermediate and long-term goals. In general the inter-
mediate goals are the basic study and development of simple devices and device
models which will point the way toward the long-term goal of more powerful,
cheaper, denser circuits.

The most basic studies in this proposal are the investigations in advanced
lithography. Progress in all the device studies depends in large measure on
advances in the definition of the structures. The electron-beam studies are aimed
at an analytic understanding of the factors controlling the ultimate performance
of electron-beam lithography systems. The results of such studies would make pos-
sible, for example, the application of the extensive Monte Carlo and experimental
energy deposition characterization to a wide class of new structures, including,
e.g., Josephson superconductor devices. The proposed photolithographic studies
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similarly promise to aid in the advance of the integrated-circuit and transducer
state of the art.

The proposal on Josephson device studies is aimed at exploring the factors
limiting the performance of these devices in the far-submicron size range. Van
Duzer and co-workers have demonstrated that they can perform submicron lithography
in a modified scanning electron microscope. They have also constructed a number
of novel working Josephson structures. They now propose to combine the technolo-
gies and make really small circuit cells to explore the problems in this new
domain of device size. A number of fundamental theoretical fabrication problems
will be encountered and resolved in the course of these studies; it promises to be
a very exciting time in the Josephson effect research.

Another proposal deals with techniques for realizing wide-dynamic-range sig-
nal processors with integrated circuits. System design and new circuit topologies
will be worked out to optimize the technology choices, with parameter choices at

process level. Proper noise characterization is essential to achievement of wide
I idynamic range and forms an important part of the proposed project.

In the final project in solid-state devices a study will be done on
piezoelectric polymer-film materials in order to optimize them for transducer
applications. The polymers will be formed by plasma-initiated polymerization
which makes possible a wide range of process control. It makes possible the for-
mation of relatively mono-disperse, high-molecular-weight polymers. The plasma
method also permits polymerization of monomer films in the presence of an electric
field, thereby eliminating constraints to their use in transducers and integrated
circuits.

I
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Scientific Objective

The objective of this work is to investigate the fundamental factors that
limit the size of superconductive devices and circuits.

State of the Art

There is currently interest in two fields that appear destined to converge.
Electron-beam lithography has made possible the fabrication of devices and cir-
cuits having feature sizes on the order of 0.1 micrometer and smaller. A parallel
development is the demonstration of the potential of systems using Josephson junc-
tions as the active elements I . In some cases the two fields have already mot.
This 'ias largely been in the formation of very small weakered regions between two
larg z sections of superconductive material to form Josepnson junctions. Some
very small-area tunnel junctions have also been made 2 . To date, no work has been
reported on theoretical or experimental examination of the effect of making cir-
cuits such as memory cells or logic circuits in which all feature sizes approach
the characteristic lengths that appear in the theory of superconductivity. These
characteristic lengths are called the "penetration depth" and "coherence length."
The former is the l/e distance of decrease of magnetic induction from the surface
of a bulk superconductor. The latter is roughly the size of the Cooper electron
pair, which, in thin films, is largely dominated by the mean free path of the
electrons. For superconducting loops, one often refers to magnetic flux quantiza-
tion; the loop must contain an integral number of flux quanta. For loops of
small cross section, the quantization is of the so-called "London fluxoid." If
circuits are made of sufficiently small cross section, quantization must be con-
sidered in the latter terms.

Tunnel junctions have so far been the most common active element in logic
circuits and would form a part of this study. Our group has reported the use of
semiconductor-barrier devices that appear to have promise for applications in
SQUID magnetometry, millimeter-wave detection and mixing, and digital circuits.
No consideration in depth has yet been given to the effect of reducing the dimen-
sions of these structures to the 0.1 micrometer size range.

Progress and Publications Since Last Major Proposal
4

Our device-fabrication efforts under other sponsorship have involved the
realization of structures in which far-submicron (approximately 0.1 micrometer)
features are required to obtain Josephson effects. These have included
constricted-thin-film devices and a structure in which an interrupted superconduc-
tive film strip lies on a highly doped silicon surface. We have also developed a
strong base for numerical analysis of the properties of superconductive devices
and circuits. We have developed the technology of making resist-patterned oxide-
barrier junctions and circuits and can work on extending it to the far-submicron
range.

An electron-beam lithography system (Perkin Elmer - ETEC LEBES system) has
been purchased and all acceptance tests have been successfully performed. With
this machine we are able to write 0.1 jam lines and achieve level-to-level regis-
tration of 0.1 pm. Work is in progress to improve repeatability of the 0.1 am
features by achieving tight control on all of the several determining factors.
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We have designed a far-;mbmicron copy of a superconducting interferometer
that we are making as a part of our analog-to-digital converter project. It
appears possible to reduce the area bV a factor of about 150. We are currently
considering choices of ways of defining Josephson junction areas.

Recent Publication With JSEP Support

"Silicon-coupled Josephson Junctions and Super-Schottky Diodes with Coplanar Elec-
trodes," R. C. Ruby and T. Van Duzer, IEEE Trans. on Electron Devices, vol. ED-28,
pp. 1394-1397, November 1981.

Recent Publications Without JSEP Support

"Hillock growth on lead films upon cycling to cryogenic temperatures," C.Y. Fu and
T. Van Duzer, J. Vac. Sci. Technol., 17, pp. 752-754, May/June 1980..

"Josephson digital devices and circuits," T. Van Duzer, IEEE Trans. Microwave
Theory and Techniques, MTT-28, pp. 490-500, May 1980.

S,@ "Digital Applications of Josephson Junctions," T. Van Duzer, Proc. Symposium on
Processing and Devices, Stanford University, May 1, 1982.

"Asymmetrical Three-Junction Superconducting Quantum-Interference Device," S. H.
Dong, R. E. Jewett, J. W. Spargo, and T. Van Duzer, submitted for publication.

"Fabrication and Properties of High-J c Lead-Alloy Junction," Y. Tarutani and T.
Van Duzer, submitted for publication.

Government Scientific Contacts

The principal investigator instigated the initiation of a biannual workshop
on Josephson digital circuits and was its first chairman. This workshop brings
together the governmental, academic, and industrial groups working in this field.
He was also elected as vice-chairman of the Applied Superconductivity Conference
in 1980. Both of these relationships bring him extensive interaction with scien-
tific personnel from the Office of Naval Research, the Naval Research Laboratory,
the National Bureau of Standards and other governmental agencies.

* Significant Accomplishments

The most significant recent accomplishment was the demonstration of the
required performance of the new LEBES system. A considerable effort was required
to eliminate problems that prevented the 0.1 pm accuracies demanded of it. We are
presently completing the programming necessary to permit circuit layouts made on

* our CAD system to be fed into the pattern-generation control of the LEBES system.
This will make possible very fast changes in the circuit designs. We are also
working on a program for making proximity-effect corrections in the electron-beam
exposures since our small exposed regions will be affected significantly by nearby
exposures.

Proposed Research Program

We will conduct studies to determine the feasibility of fabricating useful
superconductive electronic devices with feature sizes in the far-submicron size

.mob.
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range. With our new electron-beam lithography system, we can make, for example,
logic gates and memory cells. Under other sponsorship, we have developed the
technology for making such circuits in larger size. Some of the techniQues ised
in the larger size devices will be usable in the smaller sizes only with consiler-
able effort. Others must be replaced entirely. ?or example, the present method
of using a silicon monoxide mask to define the size of the Josephson junctions
will probably have to be replaced or realized in an entirely new way.

In addition to the fabrication innovation required for these sizes, important
questions of physics of the devices must be attacked. The line widths will be on
the order of the penetration depth and some features will be comparable with the
coherence length. In which situations are these lengths going to set limits on
operation? For example, the paired-electron-fluid characteristic of superconduc-
tors has a significant amount of inertia and this acts like an inductance. This
inductance can be useful in some circumstances, but could set performance limits
in others.

Analysis of the behavior of these devices, taking account of the new physical
effects that arise because of the sizes being comparable with the superconductor
characterizing parameters, will be carried out with our simulation programs. It
will be possible to handle distributed effects as arrays of lumped elements to get
accurate representation.

Interaction with Other Work Units

This program of studying miniaturization forms a part of a larger effort on
various aspects of Josephson digital circuits. A program has been initiated to
develop a high-9-eed A/D converter and this will use Josephson junctions and cir-
cuits of conventional size that can be made by photolithography. In that work, we
expect to demonstrate si' erconductive integrated circuits containing some tens of
Josephson junctions. We also have an NSF-sponsored project to study the use of
coplanar junctions (both electrodes are in the same plane) with special emphasis
on a structure we developed here that involves electron-pair coupling through a
highly doped surface of a semiconductor. These may prove to be valuable for mini-
aturization and that aspect will be considered.

Our work on Josephson devices and their frequent need for submicron dimen-
sions has given our group a high degree of familiarity with electron lithography
and we have published several papers in that field. This expertise will be sup-
ported by the microfabrication interest of Professors A. R. Neureuther and W. G.
Oldham, as well as the large body of knowledge in our integrated circuits group
(SSD-84-1).

I

I
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Scientific Objective

To investigate new techniques for signal processing with maximum
dynamic range using monolithic integrated-circuit technology. The pro-
ject will encompass noise c&aracterization, system design, new circuit
topologies and a coordinated program of technology research.

State of the Art

Monolithic integrated-circuit technology has profoundly affected
the field of signal processing. Functions such as A/D and D/A conver-
sion i, filtering 2, and digital signal recovery3 are examples where
monolithic technology has become the preferred method of realization in
many systems. However, the prevailing approach to the design of such
systems is the selection of an arbitrary available technology, often
developed for other purposes, followed by research into methods of real-
izing the desired function.

Our research has shown the need and.the potential for a more uni-
fied approach to the realization of signal processing circuits which
maximizes the advantages inherent in monolithic fabrication. For exam-
ple, several methods of monolithic filter realization require amplifiers
with very high input impedances2 ,4 . These can be realized in such
diverse technologies as NMOS, CMOS, BiMOS, BiFET or GaAs and the
appropriate technology is not always obvious. In addition, many other
critical device parameters have widely differing values in different
technologies, providing the designer with an enormous number of poten-
tial parameter combinations. These include gm/I and gm/C ratios,
parasitic capacitance and many others. These parameters can be varied
at the process level if the system requirements are included as inputs
at that level.

Progress and Publications Since Last Major Proposal

Our earlier work on the fabrication, characterization and modeling
of generalized multi-layer monolithic structures allowed us to realize a
unique monolithic process incorporating high-frequency JFET structures
with independently-accessible gates. Extensive characterization on a
range of devices has been undertaken and verified the advantages of
these structures for a wide range of high-frequency signal processing
areas. In particular, it appears possible to advance the state of the
art significantly in the realization of high-frequency monolithic
filters and real-time signal processing. Experimental high-frequency
filters using this process are currently in fabrication. These filters
incorporate very-wide-band operational amplifiers (unity gain beyond 100
MHz) made possible by the unique JFET structures described previously.
This project will continue with further work in combining advanced
fabrication techniques and new system concepts with the ultimate goal
being the realization of unique methods of high-speed signal processing
using arbitrary combinations of analog and digital techniques.

A second aspect of our work has involved new techniques to achieve



SSD-31-3 - p. 3

maximum possible dynamic range in bipolar and MOS analog amplifiers and
signal-processing circuits. Our work in this area has focussed ini-
tially on methods of achieving maximum dynamic range in switched-
capacitor filters. In such devices, the fundamental limit on dynamic
range results from thermal noise in the MCS switch transistors used in
the filter structure, but monolithic switched-capacitor filters produced
to date have not approached this limit because of the dominant effects
of flicker noise in the MOS transistors making up the operational
amplifiers2 ,5 . Our research has resulted in a new differential
chopper-stabilized technique which removes this 1/f noise, resulting in
experimental fifth-order filter prototypes with dynamic range in excess
of 105 dB. This is more than 15 dB higher than previously reported per-
formance obtained from such filters6 . We expect to continue this work
with the objective of exploring the maximum theoretical dynamic ranges
achievable, and formulating detailed theories of the noise performance
of such filters.

Significant Accomplishments

(1) A new high-frequency bipolar monolithic process has been devised
and extensively characterized for both low-frequency and high-
frequency parameters. This research has led to new circuit confi-
gurations for high-frequency monolithic filters, switches and
amplifiers which are currently being fabricated.

(2) A new chopper stabilized differential filtering technique was
developed, and a monolithic prototype fabricated. This prototype
has been extensively characterized, demonstrating dynamic range and
power supply rejection performance well beyond any previously pub-
lished levels. An extensive theoretical analysis of the sources of
noise in switched capacitor filters has been carried out, resulting
in a better understanding of the fundamental limitations on dynamic
range as a function of energy storage element values. These
results have been subsequently applied to the bandpass case, with
important conclusions regarding the dynamic range of high-Q
bandpass filter structures.

(3) During the past year we have made considerable progress in research
on new methods for the design and implementation of high-frequency
switched-capacitor filters for communications. We have designed
and fabricated a sixth order bandpass switched capacitor filter
with center frequency of 250kHz, bandwidth of 10kHz, and clock rate
of 4MHz. The unique circuit approach incorporates fully differen-
tial signal paths, identical resonators, and cascode differential
CMOS operational amplifiers.

(4) We have devised new topologies for switched capacitor filters in
NMOS technology, which utilize positive feedback to overcome the
limited gain achievable in NMOS single-stage amplifiers. A sixth
order elliptic filter with center frequency at 250kHz was fabri-
cated and tested. The effects of intermodulation at high signal
levels in amplifiers of this type are now being investigated.



SSD-83-3 - p. 4

(5) Our research in high-frequency bipolar monolithic circuits has
resulted in-the realization of a new monolithic amplifier topology.
A number of circuits have been fabricated incorporating unique
dual-gate FET structures and giving bandwidths of 50MHz, gain of 66
dB and slew rates of 125v/,sec.

A. Publications under JSEP

D. J. Allstot, R. W. Brodersen and P. R. Gray, "MOS switched capacitor
ladder filters," IEEE J. Solid-State Circuits, vol. SC-13, no. 6, Dec.
1978, pp. 806-814. Received the 1980 IEEE W. R. G. Baker Prize Paper
Award.

S. K. Lui and R. G. Meyer, "High-frequency bipolar-JFET-12L process,"
Digest of Technical Papers, 1980 International Electron Device Confer-
ence, Washington, December 1980.

S. K. Lui and R. G. Meyer, "Ifigh-frequency bipolar-JFET-12L process,"
IEEE Trans. on Electron Devices, accepted for publication.

K. C. Hsieh and P. R. Gray, "A low-noise chopper stabilized differential
switched capacitor filtering technique," Digest of Technical Papers,
1981 International Solid State Circuits Conference, New York, NY, Febru-
ary 1981.

P. R. Gray, R. W. Brodersen, D. A. Hodges, T. Choi, R. Kaneshiro and K.
C. Hsieh, "Some practical aspects of switched capacitor filter design,"
Digest of Technical Papers, 1981 International Symposium on Circuits and
Systems, Chicago, April 1981.

K. C. Hsieh, P. R. Gray, D. Senderowicz and D. G. Messerschmitt, "A
low-noise switched capacitor filtering technique," IEEE J. Solid-State
Circuits, December 1981.

J. Guinea and D. Senderowicz, "High, frequency NMOS switched capacitor
filters using positive feedback." IFEE 3. Solid-State Circuits, vol.
SC-15, no. 6, December 1982 (partial-J-EP -suppor- .

S. K. Lui and R. G. Meyer, "High frequency-JFET-12L process," IEEE
Trans. on Electron Devices, vol. ED-29, no. 8, August 1982.

Publications under Other Sponsorship

S. K. Lui, R. G. Meyer and N. Kwan, "An ion-implanted sub-surface monol-
ithic Zener diode," IEEE J. Solid-State Circuits, vol. SC-14, no. 4,
August 1979, pp. 782-784.

D. J. Allstot, R. W. Brodersen and P. R. Gray, "An electrically-
programmable switched-capacitor filter," IEEE J. Solid-State Circuits,
vol. SC-14, no. 6, Dec. 1979, 1034-1041.

T. Choi, R, Kaneshiro, R. W. Brodersen, and P. R. Gray, "High frequency
CMOS switched capacitor filters," submitted to 1983 International Solid
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State Circuits Conference, New York, February 1983.

ProDosed Research Program

The research described above on high-frequency monolithic struc-
tures has shown the benefits of combining research in advanced fabrica-
tion techniques and new system concepts in a coordinated approach. We
propose to continue this research by concentrating on new methods of
high-frequency signal processing using high-frequency monolithic struc-
tures. Our present work on high-frequency filters will be extended to
examine the possibility of filters operating beyond 100 MHz and the pro-
cess requirements to achieve this end. The initial vehicle will be
high-frequency silicon technology, but the results obtained should have
implications beyond this to other technologies such as GaAs.

Specific problems to be addressed include choice of optimum circuit
configurations and identification of process parameters with maximum
impact on ultimate circuit performance. For example, fast settling
amplifiers are required and the form of circuit used is closel1 related
to device parameters such as fT, gm and parasitic capacitance7. These
parameters are all process-dependent and it is not yet apparent which of
these is the most important. Thus both process research and circuit
research are essential parts of the overall program.

During the first year of this program, our understanding of noise
mechanisms in switched capacitor filters has greatly improved. We now
are able to predict a priori the noise behavior of switched capacitor
filters once the device noise parameters are known. We are now extrapo-
lating these results to attempt to draw general conclusions regarding
noise limitations in high-Q bandpass switched capacitor filter applica-
tions. These filters will become quite important in high frequency com-
munications applications. We are currently fabricating a number of pro-
totypes of such filters which will allow us to compare our theoretical
results with experimental observations.

Switched capacitor filters have found wide application in communi-
cation systems. However, internally-generated distortion in these cir-
cuits is a major limitation on the dynamic range achievable and prevents
their implementation in a number of critical applications. At present,
no publishad theory of distortion in switched-capacitor filters exists.
The development of such a theory is a first step towards the ultimate
realization of switched-capacitor filters with distortion and noise lev-
els below -90 dB at operating signal levels.

We have begun research on this topic ard have identified four
potential sources of distortion in such filters. Work is proceeding via

*analytical and computational methods to investigate and characterize the
distortion sources and their interaction in the sampled-data environ-
ment. A new analytical approach has given some excellent preliminary
results in predicting distortion due to capacitive nonlinearities.
Since existing CAD tools are inadequate for the simulation of low levels
of distortion in sampled-data systems, research is also proceeding in
this area. A new computational technique has been devised and imple-
mented which enables the simulation of nonlinear phenomena not previ-
ously reported. This has enabled us to investigate the influence of
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active-circuit parameters on the filter distortion performance. Future
work will be directed towards consolidating and extending these results,
followed by an investigation of optimum filter topologies for minimum
distortion performance.

Another aspect of this research will focus on the problem of
dynamic range in high-Q switched capacitor filters. We have determined
that from a fundamental standpoint, high-Q switched capacitor filters
must suffer in dynamic range relative to lowpass filters of the same
bandwidth by a factor equal to the square root of the ratio of the
center frequency to the bandwidth. For filters with Q on the order of
100, this is a severe limitation, giving typical dynamic range on the
order of 70 dB as opposed to 90 dB for lowpass filters. We propose to
study alternate filter architectures which achieve better dynamic range
performance. The use of decimation through a cascade of lower Q filters
appears to be a promising avenue for achieving better dynamic range.

References

(I) G. L. McCreary and P. R. Gray, "All-MOS charge redistribution
analog-to-digital conversion techniques," IEEE J. Solid-State Cir-
cuits, vol. SC-jo, no. 6, Dec. 1975, pp. 371-379.-

(2) D. J. Allstot, R. W. Brodersen and P. R. Gray, "MOS switched capa-
citor ladder filters," IEEE J. Soiid-State Circuits, vol. SC-13,
no. 6, Dec. 1978, pp. 806-814.

(3) R. R. Cordell, J. B. Forney, C. N. Dunn and W. G. Garrett, "A 50
MHz phase and frequency-locked loop," IEEE J. Solid-State Circuits,
vol. SC-14, no. 6, Dec. 1979, 1003-1010.

(4) K. S. Tan and P. R. Gray, "Fully integrated analog filters using
bipolar-JFET technology," IEEE J. Solid-State Circuits, vol. SC-13,
no. 6, Dec. 1978, 814-821.

(5) D. Senderowicz, D. A. Hodges and P. R. Gray, "High-performance NMOS
operational amplifier," IEEE J. Solid-State Circuits, vol. SC-13,
no. 6, Dec. 1978, pp. 760-766.

(6) P. R. Gray, D. Senderwicz, H. O'Hara and B. Warren, "A single-chip
NMOS dual channel filter for PCM telephony applications,", IEEE J.
Solid-State Circuits, vol. SC-14, no. 6, Dec. 1979, pp. 981-991.

(7) B. Y. Kamath, R. G. Meyer and P. R. Gray, "Relationship between
frequency response and settling time of operational amplifiers,"
IEEE J. Solid-State Circuits, vol. SC-9, no. 6, Dec. 1974, pp.
347-352.



Universicy of Califoruia, Berkeley Eleccronics Research Laboracory

Joint Services Electronics Program September 30, 1982

Work Unit No.: SSD-83-4 Last Year's No.(s): SSD-82-4

Title: Research on Electronic Systems Composed of Polymer
Films and Planar Si Devices for Transducer Applications

Senior Principal. Investigator(s): D. W. Hess (415) 642-4862
R. S. Muller 2-0614

0

Sf.

*

e

6



SSD-83-4 - p. 2

Scientific Objectives

We propose to investigate the technology for, and the chemical and
physical behavior of electronic systems that are composed of polymer-film
materials and integrated-circuit devices. The objectives are to define the
materials and interface properties and to evaluate the technologies that may
ultimately find application in new and improved transducer devices.

Major Task:

Investigate the control of piezoelectric properties in polyvinylidene
fluoride and poly-acrylonitrile that can be achieved with plasma-based
techniques. The purpose of this effort will be to develop novel methods for
the production of piezoelectric polymer thin films directly from monomer
sources, thereby eliminating many of the constraints inherent in
incorporating such films into solid state devices. This study is based upon
current work in our laboratory which demonstrates the feasibility of
preparing films of vinyl polymers from monomer sources.

State of the Art

The above task s 2 proposed in order to apply newly developed polymer
formation technology , to poly-vinylidene fluoride, a p~l~mer material that
has very interesting and useful piezoefectric properties ' , and to poly-
acrylonitrile. Plasma polymerization ' techniques have been demonstrated
for certain vinyl monomers in bulk condensed phases, but has not been
attempted for thin film formation. Our experience with piezoelectric films,
particularly with ZnO, has given us a background in exploitation of this
property in novel transducers. We expert to show that the plasma
polymerization processes can permit tailoring of the piezoelectric activity
of the film in order to optimize certain transducer behavior.

Progress to Date

Three important experimental systems have been assembled to
characterize piezoelectric polymer films. The first system is a laser
interferometer. This interferometer is similar to a Michelson
interferometer, but uses optical heterodyning to provide a linear, sensitive
output signal capable of detecting 0.1 Angstrom mechanical displacements.
Data taken from this system will be used to determine piezoelectric activity
of polymer films.

The second experigental system is a multistate Thermally Stimulated
Discharge spectrometer . This spectrometer experimentally determines the
activation energy of each charge trapping mechanism in addition to giving
the amount and type of polarization.

Finally, an apparatus for measuring the pyroelectric properties of
polymer films has been developed. A polymer sample is placed in an
environmental chamber and the temperature is ramped up or down with respect
to time at a fixeL rate. The reversible current produced as the temperature
is changed is used to calculate one of the pyroelectric coefficients of the
sample. It has been shown that pyroelectric activity is often related to
piezoelectric activity of the polymer sample .

I . . ....
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Progress is being made on an improved model that describes the
macroscopic behavior of piezoelectric films. The main points of this model
are that it is thermody namically consistant and that the fundamental
material properties are defined in sufficiently fundamental quantities that
the behavior of the film on a macroscopic level can be related to the
microscopic properties of a film which are determined by molecular
spectroscopy. To date the model recovers linear piezoelectric theory and
clearly points out the assumptions inherent in linear theory.

Significant Accomplishments

Our laboratory now has the analytical tools to measure the
piezoelectric, pyroelectric, and charge trapping mechanisms in polymer
films.

Update of Current Period

Films of polyvinylidene-fluoride have been plasm deposited directly on
silicon wafers previously coated with aluminum electrodes. These films are
being analyzed for piezoelectric activity, pyroelectric activity, and charge
trapping and polarization using the techniques previously described.

Proposed Research

The overall goal of this research is the investigation of process
techniques suitable for the production of piezoelectric polymer transducers
with high piezoelectric activity and long-term stability. Plasma
polymerization techniques appear to offer a novel fabrication method for
forming such films. Ultimately, we intend to develop a predictive model
that will be useful in optimizing polymer properties for specific transducer
applications.

Molecular dipole orientation is considered a primary factor affecting
piezoelectric activity. Physical properties such as polymer length,
molecular weight distribution, and the amount of polymer chain crosslinking
may all influence dipole orientation. These physical properties can also
affect polymer chain relaxation, which may be important in maintaining
stable piezoelectric activity.

Plasma polymerization techniques offer the ability to vary a number of
processing parameters, e.g., plasma power and duration, monomer
concentration, and substrate temperature. It has been found that certain
combinations of these processing variables can produce extremely high
molecular weight linejr polymers with a relatively monodisperse molecular
weight distribution . Preliminary studies will determine how changes in
processing variables affect the physical properties of the polymer films.
Once these dependencies are established, polymer films can be produced
covering a wide range of physical properties. The polymers will then be
further characterized as functions of their piezoelectric activity. In
addition to producing polymers with unique physical properties, plasma
polymerization techniques offer the distinct advantage of allowing monomer
films to polymerize in the presence of an electrical field. This feature
will be exploited in an attempt to align molecular dipoles in the monomer
films as polymerization proceeds. Such procedures may eliminate the current
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requirements of stretching and poling operations needed to impart
piezoelectric activity to polymer films.

Piezoelectric activity will be determined using the interferometer
previously described. This will be done by electrically driving the
piezoelectric film with a known voltage and measuring the resulting
mechanical movement using the interferometer. In addition to measuring the
magnitude of piezoelectric constants, the phase difference between the
driving voltage and the resulting mechanical displacement can be used to
calculate piezoelectric relaxation as a function of frequency.

Additional analytical techniques will be used to characterize the
various polymer films. Molecular and crystalline structure and composition
will be investigated using infrared and x-ray spectroscopy. Charge storage
mechanisms will be studied using the previously described thermally
stimulated discharge system.

Some investigators have concluded that surface polarization and charge
carrier injection from the electrodes is important in determining
piezoelectricity in polymer films . This hypothesis will be tested by
depositing polymer films on silicon substrates and metallizing the opposite
side of the polymer film. The capacitance and/or the current in the
resulting semiconductor-polymer-metal composite will be measured as a
function of applied voltage. Such studies will be used to determine charge
conduction mechanisms and interface properties of the piezoelectric
polymers.

The model we have developed is based on general continuum mechanics
that forms a foundation 9or describing nonlinear and dissipative materials
in thermoelastic systems . We have modified this work to include electrical
effects, and plan to continue this work to model nonlinear piezoelectric
materials. This work will ultimately be used to help design polymer films
optimized to specific transducer applications.

References
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III. Basic Research in Quantum Coordinator: Professor S. Schwarz
Electronics and Optics

General

We propose to perform research in quantum electronics in the fol-
lowing areas: (1) novel and complex semiconductor laser radiation
sources, and (2) analysis, comparison, and evaluation of novel
infrared/millimeter-wave radiation detector systems.

At present, semiconductor lasers, though well-advanced, are still
unable to perform efficiently as components in coherent, single-mode
optical communication systems. Single-mode operation and tunability are
difficult to obtain. In part I of this proposal we discuss new methods
for solving these problems through the use of structures more advanced
than the Fabry-Perot resonators used at present. We expect that the
proposed structures will also facilitate combination of several
interacting lasers into networks. If successful these ideas may bring

*about significant increases in the usefulness of semiconductor lasers
for a large number of scientific purposes.

Radiation detection in the infrared/millimeter-wave region of the
spectrum is important for scientific, astronomical, defense, and commun-
ications uses. At present our ability to utilize this portion of the
spectrum is rather poor --- at both lower frequencies (microwave) and
higher frequencies (optical) technology is much more advanced. One rea-
son for this is that neither conventional microwave nor optical devices
lend themselves well to this wavelength region. However, several
interesting new devices show considerable promise: these include cryo-
genic Josephson and SIS junctions, metal-barrier-metal (MBM) junctions,
and planar ("surface-oriented") Schottky diodes. Part 2 of this propo-
sal is concerned with comparative development and assessment of these
novel devices, as components for detection systems. One expects that
some devices will be better-suited to some applications while other dev-
ices are better suited to others, but the concept of "well-suited" is
not a simple one. It involves tradeoffs between possibly competing
advantages such as noise-equivalent power or noise temperature, conver-
sion efficiency, bandwidth, response time, frequency of operation, dura-
bility, cost, and compatibility with other components. We propose to
continue our comparative study of the principles and potentialities of
these new devices. Because in some cases the devices themselves are not
well understood or seem susceptible to improvement, the systems research
will be supported as necessary by basic physical device studies and
efforts at fundamental device improvements. It is hoped that the
results will allow us to designate the most promising approaches. We
then plan to fabricate and test prototypes of the most promising detec-
tion systems, in order to verify our conclusions and bring them to the
attention of other scientists who can use them.



I - - - -I - -l - , , , , , ,

QE-83-1 - p. 2

Scientific Objectives

We propose to explore and to study novel and complex
semiconductor-laser structures for tunability and traveling-wave opera-
tion. Theoretical analysis based on scattering-matrix formulation will
be carried out to gain insight on possible modes of oscillation in com-
plex laser structures and to guide us in the search for new laser struc-
tures. Experimental techniques using LE and MBE will be developed to
fabricate the various structures. Our objectives are (1) to advance the
semiconductor-laser technology beyond its present state as an individual
coherent optical source, (2) to explore new modes of operation for a
semiconductor laser other than the simple Fabry-Perot mode, and (3) to
study laser performance when interacting with other lasers or an
integrated-optical network.

State of the Art

In recent years important advances in semiconductor lasers have
been reported in the attainment of linear light-output versus input-
current relation, stable transverse and lateral mode pattern, and single
longitudinal mode operation. Equally impressive are achievements in
guided-wave optical circuit elements such as directional couplers,
filters, switches, isolators and modulators. There is beginning to be
some important work in combining the lasers with the waveguide elements,
such as the array I and coupled multiple stripe2 work, and the combina-

tion of lasers and transistors3 , but most of the work to date has been
restricted to the consideration of the individual devices. Much more
needs to be done in combining the waveguide networks with the lasers to
achieve tuning, mode control and increased power output. A combination
of wave and network analysis is required to optimize these interactions.

One major advance in semiconductor-laser technology is the incor-
poration of two-dimensional waveguiding in the transverse plane of the
laser structure. During the past few years, many lasers exhibiting
stable transverse and lateral mode pattern and single longitudinal mode
operation have been developed at several laboratories. These include
the buried-heterostructure (BH) laser4'5, the channeled-substrate-planar
(CSP) laser6 ,7 , and the laser utilizing thickness variation in the grown
layer to provide waveguiding in the lateral direction8 -1 . Among the
lasers referenced here are the IRW laser8 , the CJSF laser8 and the nar-
row DCC-CSP laser7 developed and studied in our laboratory. All the
lasers mentioned above oscillate in.well defined cavity modes in all
three directions, transverse, lateral, and longitudinal. This fact
facilitates the application of waveguide-network theory to semiconductor
lasers and makes possible an analysis of laser structures more complex
than the simple Fabry-Perot structure which has been almost exclusively
employed in the semiconductor lasers thus far.

In the meantime, remarkable progress has also been made in the
fabrication and control of modes in optical waveguides. Low-loss,
single-mode waveguides have been reported in GaAs 12 and LiNb03 13 , and
active waveguide devices using coupled guides and Y junctions either
alone or in the Mach-Zehnder interferometer configuration have been
developed. These advances further support our view that single-mode
guided-wave technology is ready for the exploration of new and complex
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semiconductor-laser structures and the development of simple integrated
optical systems involving the source and other optical elements.

Although single longitudinal mode behavior has been achieved in
most index-guided lasers, this behavior is maintained only for a limited
range of temperature. Because the iain-oeak wavelength \ and the reso-
nance wavelength \ for the longitudinal mode change at ? different rate
as the temperature changes, the laser wavelength hops from one longitu-
dinal mode \ to a neighboring one 7,£' as soon as \ ' becomes closer to

0\ than . lode" hopping occurs for every 1 to 1 .5°* change in tempera-
ture for lasers with a longitudinal mode spacing \ about 3 X. The
transition from \, to \, generally takes place within a finite tempera-
ture interval about O.2C. In the transition region, a laser oscillates
at both and , What is even worse is that an unusually large
amount of noise is generally observed. This excess noise presents a
serious problem in many applications such as audio-disk laser pick-up 14 .

The scattering matrix used extensively for microwave networks15 ,
provides a natural way for studying the interconnection of integrated-
optics devices, since these (like microwave networks) are distributed
electromagnetic systems with identifiable modes, interacting with input
and output ports. Most emphasis in the literature has been on passive
junctions 16 , but as shown in the papers of the Publication List, we have
found it a powerful formulation for studying the combination of lasers
and various possible components, including curved guides for which raii-
ation and transmission losses must be minimized1 7 . The known theoreti-
cal limitations on scattering-matrix parameters tell much about what can
or cannot be done with the interconnections.

Progress to Date

Our work on control of mode behavior in semiconductor lasers has
come to a successful conclusion. This has resulted in a series of
papers which were reported in the last proposal. Now that we have
acquired an understanding of how t,. achieve lateral-mode stability and
single longitudinal-mode operation and have developed the capability of
fabricating index-guided lasers which oscillate in a well-defined cavity
mode, we can continue the new, and perhaps more exciting phase of our

* research on combining semiconductor-laser technology and waveguide-
network techniques (developed for microwaves) for exploration of this
relatively unexplored area.

As stated in the last progress report, we have embarked on a new
program of study on the use of scatiering matrix formulation to analyze
the proper modes of several complex laser structures and to explore pos-

* sible advantages of these lasers. The laser struct.res investigated
include (1) a laser with coupled cavities in tandem, (2) an interferome-
ter laser with a curved branch waveguide attached to a straight Fabry-
Perot cavity, and (3) a ring laser with a straight waveguide attached to
a circular cavity. The results of the analyses can be found in papers 1
and 2 of the publication list. In the meantime, we have carried out the
experiments on the two lasers (1) and (2) mentioned above. The experi-
ments have indeed confirmed our theoretical prediction. The experimen-
tal results as well as the theoretical background can be found in papers
3 to 6 of the publication list. A brief summary of the highlights is

-- I• ---- mmJmms almll~ !p . . .. . .
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given below.

As mentioned in the State of the Art section, one serious problem
with the Fabry-Perot laser is mode hopping. This problem arises because
of lack of mode selectivity Df the Fabry-Perot cavity. If a laser is
made of two cavities, interference oetween the field3 in the two cavi-
ties provides a physical mechanism in mode selection. For both the
tandem-cavity laser and the interferometric laser, the longitudinal
modes of the composite cavity can be classified into two groups: (1) the
coincidence resonance modes (CRM) for which the longitudinal modes of
the individual cavities are at resonance simultaneously, and (2) the
nonresonant modes (NRM) for which the longitudinal modes of the indivi-
dual cavities are, off their respective cavity resonance. For the CRM's,
the threshold gain needed for lasing action is a minimum, and one of the
CRM's closest to the gain peak is expected to lase. The CRM's are few in
number and thus far apart in wavelength. In between two CRM's lie many
NRM's. The coincidence-resonance condition for the tandem-cavity and
the interferometric laser provides a built-in selection mechanism for
the longitudinal modes.

Insofar as longitudinal mode stability is concerned, the important
quantity is the spacing \CRM between the coincidence resonance modes.
Because \CRM is much larger than the spacing 6\ Zbetween the longitudi-
nal modes in a simple Fabry-Perot laser, longitudinal mode stability can
be maintained in the tandem-cavity laser and the interferometric laser
over a much larger temperature interval than the simple Fabry-Perot
laser. Experimentally, a range at LT Z 70c has been achieved as com-
pared to6T Z 1 to 1.50C in Fabry-Perot lasers. During this temperature
range, the lasing wavelength changes with temperature at a rate of 0.7
R/°K which is the rate for the resonance condition of CRM governed by
d(nL)dT where n is the refractive index and L is the overall length. We
believe that the temperature range can be further extended by a proper
choice of the relative length of the two cavities.

The coupling of lasers by waveguide networks has been studied in
two ways. In the first, there is a coupling connection between laser
stripes on a single GaAs chip, similar to that used by Scifres et al. 2.
The laser currently being fabricated has three stripes. The roles of
different coupling means, different mechanisms of transverse mode con-
trol for the laser, and various spacings are being studied. The second
method utilizes external coupling, with the individual stripes coupled
to fibers by standard techniques, and those coupled to a mutual fiber
through the evanescent fields outside the core. The fibers are posi-
tioned by v-grooves, selectively etched in silicon, and the cladding
etched away until the desired degree of coupling is obtained. Analysis
shows that positioning is fairly critical, but not impossible. The
positioning of the etched single-mode fibers is very difficult because
of their fragility, but the related work of Digonnet and Shaw on fiber
couplers 18 shows that fabrication can be controlled.

Dispersion in integrated optics circuits has been studied in view
of the short pulses 19 now being produced by semiconductor lasers. The
short distances result in negligible dispersions even for picosecond
pulses in most practical circumstances, but there are special cir-
cumstances in which this is not the case. The geometrical dispersion of
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microstrip and coplanar waveguides introduces distortion of picosecond
pulses in a few millimeters- , and material dispersion for semiconduc-
tors waveguides operating near the band edges may also be an issue.

Publications Under Combined Soonsorshin

1. S. Wang, "Novel semiconductor lasers for integrated optics," paper
31, vol. 317, SP!E Conference Proceedings, Conference on Integrated
Optics and Millimeter and Microwave Integrated Circuits, Hunts-
ville, Alabama, November 16-19 (1981).

2. S. Wang, H. K. Choi, and I. H. A. Fatt,. "Studies of semiconductor
laser of the interferometric and ring types," Jour. Quantum Elec-
tron., vol. QE-18, p. 610 (1982).

3. I. H. A. Fattah and S. Wang, "Semiconductor interferometric laser,"
paper WB4, Technical Digest, Optical Meeting on Integrated and
Guided-Wave Optics, Pacific Grove, CA. January 6-8 (1982).

4. H. K. Choi and S. Wang, "Semiconductor internal-reflection-
interference laser," paper PDP6, Technical Digest, Topical Meeting
on Integrated and Guided-Wave Optics, Pacific Grove, CA., January
6-8 (1982).

5. H. K. Choi and S. Wang, "Semiconductor internal-reflection-
interference laser," Appl. Phys. Lett., vol. 40, p. 571 (1982).

6. 1. H. A. Fattah and S. Wang, "Semiconductor interferometric laser,"
Appl. Phys. Lett., vol. 41, p. 112 (1982).

Significant Accomplishments

As reported in papers 3-6 in the publication list and summarized in
the Progress-to-Date section, we have achieved longitudinal mode stabil-
ity over an extended temperature range. -n the tandem-cavity laser, the
amount of internal reflection required to overcome gain variation is
only of the order 10-3 . The smallness of the reflection means that the
internal-reflection scheme should be applicable to most index-guided
lasers. Recently, we have extended the concept to lasers involving cou-
pled lateral modes. Not only was single longitudinal-mode operation
achieved, but also a temperature range as large as 300C was observed in
which the laser wavelength was locked to one longitudinal mode.

Proposed Research Program

As discussed in the State of the Art review, in order to explore
new applications for semiconductor lasers and to extend microwave tech-
niques to guided-wave optics, it becomes necessary that we study lasers
with complex structures for performing functions other than merely pro-
viding coherent radiation. Furthermore, since a laser is only a part of
an optical system in practical applications, analytical methods must be
developed so that the laser performance can be analyzed in the frame of
an optical network.

4- -- ,.-.-.== , i . a i li l l i
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In spite of the progress made in improving the performance of sem-
iconductor lasers, tunability of the laser wavelength has not been
achieved. We propose that the tandem-cavity laser and the inter-
ferometric laser be studied for wavelength tunability and controlled
wavelength switching. An estimate based on the electrooptic coefficient
in GaAs indicates that a tunable range for the laser wavelength in the
neighborhood of 3A should be possible. For wavelength switching, the
range should be much larger, probably on the order of 50 to 1OO1.

Besides tunable lasers, another subject of considerable interest
and practical importance involves lasers with built-in mode coupling to
provide wavelength stability. Our work on the tandem-cavity laser and
the interferometric laser has shown that the interference between the
longitudinal modes of two coupled cavities can be used to advantage in
wavelength stabilization. A coupled-cavity laser automatically selects
a wavelength at which the fields in the coupled cavities interfere con-
structively. We. propose that the work on the tandem-cavity laser be
continued to establish a design criterion for the laser. At the same
time, we plan to apply the concept of coupled modes to lateral modes.
Preliminary results are very encouraging. As reported earlier, a
stable-wavelength temperature range as large as 300C has been observed.
We propose that work on coupled-lateral-mode lasers be continued.
Theoretical studies on the behavior of the laser are in progress for
comparison with the experiment.

Another subject which we are currently investigating concerns the
possibility of operating a semiconductor laser in a traveling-wave mode
instead of a standing-wave mode as in the conventional Fabry-Perot
laser. As mentioned in the Progress to Date report, we have analyzed
various possible combinations of the circular and straight guides, and
found one particular combination very promising. One obvious, and
potentially important, advantage is the possibility to minimize the
effect of optical feedback on the dominant circulating mode. Such feed-
back has been the cause for induced pulsation in semiconductor lasers
when coupled to an optical fiber. We propose that our present work on
the traveling-wave laser be continued. We select the curved inverted-
ridge (IR) waveguide for the experimental ring laser structure for two
reasons. It can be fabricated by growth over an etched channel, with
which we are familiar in fabricating straight IR waveguides. Second it
is possible to incorporate reversed biased p-n junction in the laser
structure for double current confinement as we did in the DCC-CSP laser.
However, for a circular cavity, the index difference must be large
enough in order to keep the radiation loss small. This is an important
design consideration which needs further work for its implementation.

The work on coupled semiconductor lasers for phase control, power
combining and tuning will be continued with coupling introduced both on
the laser chip, and externallf. For the former method, evanescent cou-
pling betweeL laser stripes will be compared with direct connections
between the stripes by various methods. The optimum coupling for phase
locking without introducing undesirable relaxation oscillations will be
investigated 21 . The work on external coupling will presently concen-
trate on the continuation of fiber couplings described under "Progress
to Date," but will also consider coupling through a series of Y
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junctions in lithium-niobate guides. since the design of these is well
worked out.

The work on dispersion will extend the current work on the micros-
trip configuration20 to the coplanar configuration also2 3 . Work so far
has been on the geometric dispersion resulting from coupling to sub-
strate modes, but loss dispersion, and the effect of material dispersion
for guides operating near the band edge will be investigated.

Interaction with Other Work Unit

Frequent consultation is anticipated with the work unit on elec-
tromagnetics concerning wave propagation in dielectric waveguides.
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Scientific Objective

In this project we propose a stuay of radiation detection systems
involving direct detection and iuperheterodyne mixing techniques using
various nonlinear devices for mixers and detectors. The wavelength
range of interest is the entire band of frequencies from millimeter
through far infrared, that is, 10 mm to 10 microns wavelength. It is of
particular interest to understand which techniques are favored - - in
the framework of realistic receiver systems - - for application in vari-
ous parts of the frequency range. The investigation will involve cou-
pling of radiation to devices with impedance matching, selection of the
best devices and obtaining their characteristic parameters, and a study
of optimal coupling to intermediate-frequency amplifiers. Objectives
include low-noise receiver performance, plus other advantages such as
wideband response and, for some devices, room-temperature operation.
The novel devices in question (being developed partially under other
sponsorship) include planar Schottky diodes, super-Schottky diodes,
cryogenic SIS and Josephson junctions, metal-barrier-metal diodes, and
novel configurations of other, more convenient detectors. Attention
will be given to principles of coupling to multiple-device arrays.

State of the Art

The noise temperatures of mixer-IF amplifier combinations have been
surveyed for the frequency range I GHz (wavelengths of 30 cm to 0.3 cm)
[I]. Room temperature mixers are usually Schottky diodes in this range
and their best noise properties are typified by a measurement by Kerr
[2] at 100 GHz; assuming an IF amplifier with a 150 K noise temperature,
the single-band noise temperature for the mixer-IF amplifier combination
is about 5500 K. Equivalently, this is a minimum detectable power of
0.76 x 10-20 W/Hz. That value was then further reduced by nearly a fac-
tor of two by cooling the diode (essentially the same results are
achieved at T = 180 K or T = 770 K).

To achieve large reductions of noise temperature for frequencies in
the several-millimeter wavelength range, superconductive devices must be
used. There are two general categories. In one, the Josephson effects
are employed, and in the other, the nonlinearity that comes with
single-particle tunneling in superconductors. The best results obtained
with Josephson devices have mixer noise temperatures in the range of
20-50 times the liquid-helium bath temperature with conversion efficien-
cies in the range of 0.5-1.4. Mixer noise temperature of 540 K with
conversion efficiency of 1.4 at 36 GHz [31, and 1400 K with conversion
gain of 2.4 at 140 GHz [4] have been achieved. Opinion now is that the
Josephson devices have too much noise down-converted into the IF range
by beating of the RF noise with the many harmonics of the LO signal and
the Josephson oscillations. Still, Taur estimates from detailed com-
puter calculations that a receiver noise temperature of 700 K should be
achievable for a SSB receiver at 100 CHz, assuming an IF amplifier with
a 200 K noise temperature [5].

Considerable emphasis is now being placed on the "quasiparticle"
(single particle) tunneling devices, also known as NIS and SIS junc-
tions. This has grown out of the realization that very strong non-
linearities of the I-V characteristic are available for classical
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resistive mixing through the use tf ievices that function at millivolt
levels where a sharp change of slone results from the existence of the
superconducting energy gap. The experimental work has been further
inspired by the quantum-mechanical analysis of Tucker [6] showing that
an SIS mixer can be expected to give quantum-limited detection sensi-
tivities at high frequencies (3 70 GHz). It has also shown that conver-
sion gain can be expected from these devices. The earliest of the
quasiparticle devices was the super-Schottky diode, which is a Schottky
diode with the metal electrode replaced by a superconductor. These
showed the best diode noise temperature ever seen at 10 GHz [8]. In the
usual configuration, the series resistance leads to a parasitic conver-
sion loss which increases strongly with frequency so that usefulness of
the device is limited to wavelengths longer than several millimeters.
In the normal metal-insulator-superconductor NIS tunneling device, the
Schottky barrier is replaced by that of the insulator, and the series
resistance is largely eliminated. The same applies in the case of the
superconductor-insulator-superconductor SIS junction; in this device,
the nonlinearity is stronger but it also has Josephson current which can
add noise. Results to date on the SIS and NIS junctions have been
excellent [9]. Experiments with SIS junctions at 36 GHz have demon-
strated the predicted conversion efficiency. The single-sideband value
of 0.7 (or 1 .4 in DSB) is greater than can be expected from classical
mixing theory. The mixer noise temperature of 30 K (SSB) is very close
to the photon noise limit hv./kb = 1.70 K. These experiments were done
with lead-alloy oxide-barrier-junctions. It would be advantageous to
use a more rugged system such as niobium on thin silicon membranes.

The highest frequency at which the quasiparticle mixers have been
reported is 115 GHz where a conversion efficiency of 0.2 and a mixer
noise temperature of less than about 800 K were deduced from a receiver
noise temperature of 4700 K. One part of our work is aimed at making an
antenna-coupled mixer at one millimeter wavelength; the first measure-
ments will be at 70 GHz. Carrying the advantages of these devices to
the submillimeter wavelength range is a large and important task.

At wavelengths near 10 microns, extrinsic and intrinsic photocon-
ductive and photovoltaic detectors can be used as mixers. Minimum
detectable power near the quantum limit (about 10-20 watt for 1 Hz
bandwidth) has been demonstrated [9,10]. Although results have been
impressive, it is difficult to obtain IF bandwidths much larger than I
GHz with such mixers. Moreover, they all require refrigeration, at
least to 770 K. As one goes toward longer wavelengths, mixers are more
difficult to make. A detectable power of 3 x i - I ° W at 119 um using an
extrinsic Si mixer at 20 K has been reported i11]; in another experiment
with an extrinsic GaAs mixer at 40 K, a detectable power of 10- 14 watt
was reported at 337 pm [12].

In principle, one should be able to do much better than this at
wavelengths around 0.1 mm, using resistive diode mixers at room tempera-
ture. Minimum detectable powers on the order of kTB, or 4 x 10-21

watt/Hz, are theoretically possible. But results achieved to date fall
short of theoretical limits: with Schottky diodes, for example, room-
temperature detectable powers of 10-, 10-1", and 5 x "015 w/Hz at 118,
170 and 337 microns, respectively L1 14]. One experiment has also been
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deposited and coupling is through the wall.

A thorough study of the dependence on doping level of the etch rate
of boron-doped silicon in ethylenediaMine-pyrocatechol-water has been
completed and the work has been submitted for publication.

Quasiparticle SIS mixers for the millimeter range are also being
developed. Here our approach has centered on unifying the SIS junction
with an antenna structure, the latter to provide efficient coupling. A
typical design consists of a sandwich-type vee antenna with four SIS
junctions in series at its terminals. Performance approaching theoreti-
cal quantum limits is expected near 70 GHz. At higher frequencies the
capacitance of the junctions becomes a problem, and a novel method has
been developed to tune reactance out (see proposal). With this scheme
it should be possible to use the antenna-coupled SIS at frequencies up
to 300 GHz. This work is continuing.

In order to test receivers near this higher frequency, a 230 OHz
isotopic methyl fluoride laser has been constructed. The CO2 pump laser
is now working well and the FIR laser itself is being perfected.

This JSEP grant has supported some exploratory research with planar
Schottky diodes. The design of these diodes has been developed and
analyzed. Considered as video detectors, these diodes are expected to
have NEP higher than that of non-planar diodes by a factor of about ten.
This drawback is compensated by the greater ruggedness and integrability
of the planar diodes. Practical development is now being carried on
further under non-JSEP support.

We have shown that efficient coupling of radiation at 36 GHz into
thin film metal-barrier-metal junctions can occur. Sensitivities within
a factor of about three to five of Schottky barrier junctions can be
obtained for direct detection at 36 GHz. The noise was 1/f limited up
to a few tens of megahertz when a bias was applied. The characteristics
of this noise spectrum are attributable to impurity noise and can possi-
bly be alleviated by better fabrication of the barrier material. In the
absence of the 1/f spectrum (high frequency or zero bias), the noise was
Johnson or shot in nature.

Heterodyne detection at 36 GHz and harmonic mixing using a 72 GHz
signal were also performed. Conversion losses were respectively about
ten to twenty db greater than that reported for commercially available
detectors. However, an optimum design for the harmonic mixing experi-
ment was not used.

These ex eriments, the results of which are described in detail
elsewhere F151, provide strong evidence that the metal-barrier-metal
structure would be superior to Schottky barriers at higher frequencies:
frequencies above which the spreading resistance results in inferior
performance for the Schottky devices. We have thus initiated a study of
the fundamental characteristics of metal-barrier-metal junction struc-
tures at shorter wavelengths.

An initial experiment f 16] has demonstrated the coupling of 118 am
radiation to an edge metal-barrier-metal structure s. .aated at the
center of an eleven wavelength antenna. Although the sensitivity of
detection was not high, the coupling principles first suggested by Hwang
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et al. [7] were established for i-P-! functions. The edge structure
for the 4unction [ hd e 0 cm- which is 2omparable to

a point contact junction. Thus tne 7.C time constant corresponded to a
wavelength much shorter than 11 _.m. This initial detection experiment
established that coupling to planar junctions is possible and that fun-
damental investigations of a varlety of mixing and detection experiments
at shorter wavelengths are possible. Recently a more sophisticated cou-
pling structure has been incorporated. This involves the chemical etch-
ing of a silicon substrate at an angle to form a prismatic coupling ele-
ment along the edge of the substrate. The linear antenna structure of
the tunneling junctions are then fabricated on the substrate such that
the primary lobes are directed into the substrate and through the etched
edge forming the prism. These lobes should have enhanced gain since
those directed directly into free space from the antenna should be
suppressed by the phase matching criteria.

Publications

The following papers acknowledged partial or total JSEP support:

(i) "Characteristics of Integrated MOM Junctions at D.C. and at Opti-
cal Frequencies," IEEE Jour. Quantum Elec., QE-14, 159 (1978).

(2) "Electronic Resonance of CARS," Phys. Rev., 18 (1978).

(3) "Photo-Induced Currents in Metal-Barrier-Metal Junctions," Radia-
tion Energy Conversion in Space, ed. by K. W. Billman, 1978. V
61 of Progress in Astronautics and Aeronautics Series.)

(4) "Coupling to an Edge 'Metal-Oxide-Metal' Junction via an Evaporated

Long Antenna," AU1. Phys. Lett, 34, 823 (1979).

(5) "Small Area Metal-Oxide-Metal Junctions as Picosecond Photoemissive
Detectors," in Picosecond Phenomena, Springer Series in Chemical
Physics, vol. 4 (ed. by C. V. Shank, E. P. Ippen, and S. L.
Shapiro).

(6) "Moving Toward MM Wave integrated Circuits," Microwave Journal,
47-52 (June 1980).

(7) "Progress in MM Wave Integrated Circuits," presented at the Fifth
International Conference on Infrared and Millimeter Waves, October
1980.

(8) "A Phototransistor with Concentric Electrodes on the Si Substrate,"
IEEE Electron Device Letters, EDL-2, 200 (1981).

(9) "Characteristics of an Avalanche Phototransistor Fabricated on a Si
Substrate," Appl. Phs. Lett, 39, 161 (1981).

(10) "High Speed Si Lateral Photodetector Fabrication over an Etched
Interdigital Mesa,": Anol. Phys. Lett, 37, 1014 (1981).

(11) "Fabrication of Thin Film Screen Below 1000 1, Proc. Symposium on
Josephson Junctions, Saitama, Japan, February 1982.

(12) "(100) Silicon Etch-Rate Dependence on Boron Concentration in
Ethylenediamine-Pyrocatechol-Water Solutions," submitted for publi-
cation.
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(13) "Planar Multimode Detector Arrays for Infrared and Millimeter-Wave
Applications," IEEE J. Quantum Electronics, QE-17, 407-414 (March
1 981 ).

(14) "Monolithic Integration of a Dielectric Millimeter-Wave Antenna and
Mixer Diode: An Embryonic Millimeter-Wave IC," IEEE Trans.
Microwave Theory and Techniques, (August 1982).

(15) "Antennas and Waveguides for Far-Infrared Integrated Circuits,"
IEEE J. Quantum Electronics, QE-16, 508-516 (May 1980).

The following doctoral theses were completed by students receiving
support from JSEP:

"Characteristics of Metal-Oxide-Metal Devices," Mordehai Heiblum. The
abstract is as follows:

In the past ten years, metal-oxide-metal (MOM) devices, in their
point-contact configuration, have been used for harmonic-, sum- and
difference-generation at frequencies up to the near infrared, as
well as for detection of visible radiation.

Because of the lack of mechanical stability of point-contact confi-
guration, planar MOM devices are desirable. Earlier efforts, how-
ever, have resulted in devices with undesirably large area. In
this work I report a new integrated device with area comparable to
that of the point-contact configuration (- 10 10 cm2), which we name
"Edge MOM." Fabrication methods and detection characteristics at
DC and at 10.6, 3.39, and 0.6328 um are described. A detailed
description of the Edge MOM junction and its behavior under the
influence of impinging radiation is given.

An extension of the MOM to an MOMOM is suggested in part two of the
work. The suggested MOMOM has the theoretical capability of ampli-
fying optical signals.

In order to find the limitations of the MOMOM, hot-electron devices
such as: MOM-vacuum-metal, MOM-semiconductor, and MOMOM are
theoretically investigated. As a result a proposed structure with
effective interaction area (10 1 0-10'8 )cm2 and oxide thickness on
the order of 10 A is proposed, which might have a transfer ratio of
0.3 - 0.5.

Different coupling mechanisms such as: wave-guiding, antenna, and
surface-plasmon coupling are looked into and frequency limitations
are estimated.

"Metal-Barrier-Metal Junctions for Millimeter Wave Mixing and Detec-
tion," Charles William Slayman. This thesis has the following abstract.

Metal-barrier-metal (MBM) junctions were used to mix and detect
millimeter wave radiation. The MBM junctions used in this work
were of the stable thin film type with areas of roughly 1 Mum x I pm
and fabricated using conventional photolithographic techniques.
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The devices tested were predominantly of the ni-NiO-Ni variety.

A brief review of 1) the theory of the nonlinear current vs. vol-
tage (I-V) characteristic of the MBM, 2) the equivalent circuit of
the device, and 3) the processing steps used to fabricate the Ni-
NiO-Ni junctions is presented. Devices of different impedances
were produced by varying the processing procedure. The I-V charac-
teristic, dynamic resistance Rdyn, and nonlinearity I"/' were
measured for the different devices. It was found that the non-
linearity was not dependent on the processing parameters. The low
temperature (770 K) characteristics of an Al-A12 03 -Ni and a Ni-
NiO-Ni junction were measured. Between 4.20 K and 770 K, the I-V
characteristic of the Ni-NiO-Ni junction did not change.

A brief introduction to the possible noise mechanisms in MBM junc-
tions is presented. Any two terminal device (both of whose elec-
trodes obey Fermi-Dirac statistics) that displays shot noise under
bias will display shot noise at zero bias equivalent to the thermal
noise of a resistor. This fact was experimentally observed in a
940Q Ni-NiO-Ni junction. Under bias, however, the device displayed
a 1/f1 .1 noise spectrum up to 100 kHz and the RMS noise current was
found to be proportional to the bias current and not the square
root of the bias current.

Detection experiments were performed at 36 GHz with Ni-NiO-Ni junc-
tions ranging from 180 s to 12.3 Q, The detected signal saturated
at power levels above 10 uW. The millimeter wave response was stu-
died under short pulse (60 ns) and long pulse (6 gs) conditions for
a normal and a burned Ni-NiO-Ni device. The sensitivity of the
junction was found to increase threefold at 770 K. A comparison of
the performance of the various Ni-NiO-Ni junctions to point contact
MBMs and commercial Schottky detectors is made.

Fundaental mixing between two 36 GHz klystrons and harmonic mixing
between a 36 GHz klystron and a 73 GHz klystron was performed using
various Ni-NiO-Ni junctions. Mixer conversion loss and noise tem-
perature were studied as a function of bias and local oscillator
(LO) drive. Though the Ni-NiO-Ni diodes are not as sensitive as
Schottky mixers and detectors, different MBM systems might ulti-
mately prove to be more nonlinear.

"High-Speed Photodetectors with Interdigital Mesa Structures on Si Sur-
faces," Dennis Cheng-wei Chen. This thesis has the following abstract:

Silicon photodetectors were fabricated to convert incident optical
radiation into electrical signals. The symmetrical lateral photo-
detectors devised and studied in this work were made over interdi-
gital mesa structures with areas of 0.5 mm x 0.5 mm using the
anisotropic-etching technique.

A brief review of the fundamentals of junction photodetectors is
first presented. Concept of the lateral pnp photodetector is then
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introduced. Detectors with different dimensions were fabricated.
The I-V curves were examined and exhibited phototransistor charac-
teristics. Pulsed-light responses were measured with various laser
sources. Rise time and FWHM (full width at half maximum) of the
impulse response were observed to be 100 ps and 190 ps, respec-
tively. The noise characteristics are also studied.

Finally, the avalanche breakdown mechanism was included to realize
an avalanche phototransistor. Characteristics of this novel device
were measured and are discussed.

Compatibility with the existing monolithic planar processing makes
these detectors interesting for optoelectronic applications.

"Submillimeter Integrated-Circuit Antennas and Detectors," David B.
Rutledge. This thesis has the following abstract:

Integrated-circuit techniques promise to make possible reliable
submillimeter devices and arrays. This thesis discusses three dif-
ferent integrated-circuit antennas. The first is an evaporated V-
antenna in a sandwich of crystal-quartz substrates. This was the
first evaporated submillimeter antenna to have a predictable pat-
tern, and it has been successfully tested in a plasma interferome-
ter at 119 jum. The second is a dielectric-waveguide antenna, made
by anisotropic etching of silicon. This antenna has been
integrated with a Schottky diode. The final antenna is a multi-
mode, tunable array of 400 microbolometers. This approach gives
efficient coupling between 4 source and the detectors. The array
achieves a D of 2x1O8 cmHzl/ 2W-1 at 1.4 mm with a modulation fre-
quency of I MHz.

Significant Accomplishments

We have gained an improved understanding of the processes involved
in the fabrication, by the two-step etching procedure, of silicon mem-
brane Josephson devices. Successful devices have been made and tested.

A technique was developed for formation of silicon walls 1 .0 jum
high and < 0.1 ;im thick by preferential etching. These are being made
for super-Schottky diodes and Josephson junctions.

The ethylenediamine-pyrocatechol-water etchant is used to form thin
membranes of silicon having controlled thickness. We have carefully
measured etch rate vs. boron doping as an aid to thickness control.

A new approach to tunable quasiparticle mixers has been devised.
The novel features of this design are (a) use of an integral planar
antenna to improve coupling, and (b) use of an electrically-tunable
variable reactance to cancel device capacitance. The SIS junctions have
now been fabricated and testing is ready to begin.

The usefulness of metal-barrier-metal junctions as millimeter-wave
mixers has been demonstrated experimentally. Results indicate that
their mixer noise temperatures are comparable to those of Schottky
diodes, althougb conversion efficiency is less.
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Working tunneling junctions have been fabricated on Si substrates
with prismatic coupling structures incorporated. A co-planar strip line
has also been fabricated to couple microwave i.f. (20 ,Hz) from the
tunneling junction to semi-rigid co-axial cable and into a microwave
spectrum analyzer. The co-planar structure matches the microwave i.f.
system to the tunneling junction.

Research efforts relating to the development of such tunneling
junctions in a planar configuration have also contributed significantly
to the development of planar configurations of conventional photodetec-
tors, and also the incorporation of tunneling junctions into such detec-
tors to limit the dark current. This effort has acknowledged partial
JSEP support.

A study of dielectric waveguides as components for millimeter-wave
systems has been completed and submitted for publication.

Proposed Research Program

Research on the use of the phenomena of superconductivity in the
proposed work for detection and mixing will take three paths. Microfa-
brication of the silicon-coupled structures will continue in order to
improve the control of their electrical characteristics. A new coupling
concept in the form of a microstrip-type of electrode arrangement to
minimize the effect of the capacitance of the substrate will be
evaluated. Devices will be tested as mixers at 36 GHz and 90 GHz to
prove the assertion of reduced parasitics. This will give a guide to
the frequency limitations of this type of structure so we can evaluate
whether it can be used in the submillimeter-wavelength range. The
choices of metals will be such as to realize both Josephson and super-
Schottky behavior. The superconductor used will, at first, continue to
be the lead-indium alloy. One of the virtues of the silicon membrane
barriers is that high-Tc materials should make satisfactory electrodes,
thus making it possible to fabricate rugged mixers that can operate in
the temperature range where small simple refrigerators are available.
Thus the use of such other materials will be studied to see if there are
unexpected phenomena.

Super-Schottky and Josephson devices made using a thin vertical
membrane as the coupling agent between two sections of a superconducting
strip will also be tested as a detector and mixer at 90 GHz.

A theoretical model of the semiconductor barrier Josephson junction
will be developed. We have already partially evaluated one proposed
model and find that important aspects of the electrical properties are
not described. The new work will make use of the phase-slip model that
haL had success in describing other simpler types of Josephson junc-
tions. The extra complications in the semiconductor barrier structure
are that it is physically inhomogeneous, having Schottky barriers at
each of the interfaces of the semiconductor with the superconductors and
a degenerate region between them.

We also plan to continue with studies of quasiparticle mixers for
the 70-300 GHz range. The design we are pursuing, developed conceptu-
ally during the last reporting period, will now be described. A planar
vee antenna is deposited on a quartz substrate [17]. At its terminals
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we construct four lead-indium I junctions in series. (Four are used
to increase impedance, so it approximately matches the antenna source
impedance.) A parallel-conductor transmission line (nearly lossless
because it is made of superconductor) is constructed in parallel with
the set of junctions. At the other end of this line is a larger SIS
junction dc biased with an adjustable current less than the critical
current. This junction acts as an inductor, whose reactance can be
varied by varying the current. This reactance is transformed by the
transmission line, and the transformed reactance appears in parallel
with the mixer diodes. By adjusting the dc bias current and choosing
the size of the tuning junction and length of the transmission line, we
expect that the capacitance of the mixer junctions can be canceled.
This will allow us to use the SIS mixer at frequencies higher than has
been possible until now. If the new design approach is successful it
should find important uses, especially in astronomy. Observations of
new phenomena should also be possible. In particular, the predicted
quantum effects of Tucker [6] should only become observable at frequen-
cies above 100 GHz; our technique for canceling capacitance should allow
such observations to be made.

A considerable amount of information has been obtained by investi-
gation of the detection characteristics of metal-barrier-metal junction
structures. This includes the recent work involving 36 GHz detection
[15] using waveguide coupling as well as 118 pm detection utilizing
quasi-optical coupling [16]. The 36 GHz work demonstrated virtually
100% coupling of the incident radiation. It also provided verification
of detection based upon rectification by the current-voltage charac-
teristic of the junction. The 118 pm detection demonstrated that
antenna theory can be applied to the quasi-optical coupling and that
slowing of the guided mode along the antenna occurs and must be con-
sidered, as pointed out by Hwang et al. [17].

The detection and mixing characteristics of metal-barrier-metal
structures are expected to be superior to other devices at shorter
wavelengths. In addition, fundamental characteristics of such micros-
tructures should be investigated at high frequencies to avoid thermally
induced signals or other low frequency signals which could mask the tun-
neling signal. Nontheless, thermal effects should be minimized since

4 both the tunneling characteristics and antenna coupling characteristics
can change, the latter through substrate loss primarily. Thus proper
choice of the substrate is important as well as electrode shapes which
maximize conduction of heat away from the junction.

To observe the high frequency characteristics a convenient choice
is an investigation of harmonic mixing utilizing the 28 gm output of a
water vapor laser and the 9.3 pm band output of a CO2 laser. The IF
frequency is in the 20 GHz frequency range and can be detected directly
with a high frequency spectrum analyzer. All of the experimental
apparatus to do this experiment is in hand. In addition, such a har-
monic mixing experiment has been accomplished with point contact metal-
barrier-metal structures [19]. It can be argued that this was a direct
demonstration that currents flowed across the junction at a frequency
corresponding to 9.3 gm and consequently established the fundamental
requirement for' lumped components at near infrared wavelengths. No
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similar mixing has been ICcoMDlished with planar fabricated metal-
barrier-metal junction structures, primarilly because of the coupling and
thermal aspects.

We wish to initially use the quasi-optical prismatic coupling
scheme which we have developed and described in previous sections.
Detailed coupling characteristics and signals expected are to be calcu-
lated. An approximate estimate of the signal expected has already been
made and indicates that the experiment is feasible.

Thus far we have been pursuing the microfabrication of edge M-B-M's
on a silicon substrate as ietailed in the previous two sections. We
plan in the near term to demonstrate direct detection at 28 ;im and 9.3
om utilizing such junction structures. Electron lithography will be
considered for the fabrication of edge junctions with a smaller area
(and therefore a smaller RC time constant) for the detection at 9.3 ;im.
Subsequent to the direct detection experiments, the harmonic mixing
experiment will be attempted. Of primary interest is the behavior of
the IF signal detected as a function of both the bias across the junc-
tion structure and the angles at which the radiation at 28 and 9.3 pm
are incident.

The results of the mixing experiment will provide a measurement of
the coupling characteristics and fundamental knowledge concerning the
basic phenomena responsible for the high frequency voltage-current
characteristics of the tunneling mixing devices. It is possible that
improved nonlinearity could allow quantum effects to be observed
[16,19,20]. We plan to investigate a variety of junctions expected to
have improved nonlinear characteristics for both direct detection and
heterodyne mixing. We are also interested in other antenna configura-
tions which have the potential to improve coupling. The geometry of the
junctions also lend themselves to possible enhancement of the radiation
field in the region of the junction structure by the fabrication of
various types of resonant structures at both 9.3 and 28 microns.

The motivation to improve the tunneling and coupling characteris-
tics and to enhance the fields in the region of the junction are
expected to result in new microstructure approaches to radiative
interactions with solids. The efforts have also stimulated a consider-
able effort in related areas such as picosecond detectors in various
microfabricated devices.

Triode-like M-B-M-B-M structures have been considered in some of
our earlier work as potential amplifiers or oscillators at millimeter
frequencies or higher. Such devices still appear to have promise, and
although they will not occupy a major portion of our attention under
this contract, we plan to continue exploratory studies insofar as they
are related to the work proposed above.

.9
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General

About twenty years ago, the unity of the basic concepts and techniques underpin-
ning the fundamental study of circuits, control systems and communication systems
became apparent and became known as system theory. With rapidly increasing power and
decreasing cost of computing, these concepts and techniques were applied to larger and
larger systems. This commonaltiy of basic theoretical tools and approaches still exists
today and as the size of the system under study increases, the nature of the problem
changes.

These features are particularly apparent in the first pair of topics which cover
respectively large circuits and large control systems. In each of these topics we see
a fundamental interweaving of decomposition techniques -- such as diakoptic analysis,
graphic decomposition by strongly connected components and minimum essential sets, and
decentralized control by creation of a hierarchy -- , modeling techniques -- piecewise
linear and spline approximations -- and analytical techniques.

The third topic is a bold project aimed at stepping out of the by-now-traditional
use of simulation for computer-aided electronic circuit design and reaching for a more
sophisticated level where the simulation is coupled with up-to-date optimization algo-
rithms to direct the design toward a minimum of a previously chosen objective function
or towards the display of a trade-off curve (or surface), so that the engineer, using
additional data not present in the mathematical formulation, can choose what he deems
to be optimum. A significant feature of the optimization algorithm is that inequality
constraints may easily be imposed, a fact which we consider crucial in engineering
design.

To anyone who studies these three proposals it is clear that in the course of the
work there will be ample opportunities for interaction and cross-fertilization, both
through normal informal contacts and through regular seminars.

4

4,
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Scientific Objective

Our objective is to continue our research efforts on large scale
and nonlinear circuits which were initiated several years ago. The many
tools and results that we have developed so far continue to serve as a
foundation for our future research and will be used to attack several
interrelated fundamental problems in this relatively unexplored but
important area.

State of the Art

Network theory played a major role from the early 40's to the 60's
in the development of the present day communication systems. The main
thrust of network theory then was directed at the analysis and synthesis
of linear circuits which can be characterized by a relatively small
number of differential equations. Although in recent years many authors
have published papers on nonlinear circuits and large-scale networks,
the extent of the development of large-scale nonlinear circuits, both in
theory and applications, is nowhere near the kind of maturity in classi-
cal network theory. The advances during the past decade in elecronic
devices and integrated circuits, coupled with the immense impact of com-
puters on circuit analysis and design, have drastically changed the
nature of the problems faced by circuit theorists. While anlysis of
circuits is still the key problem, it is more difficult in view of the
size and complexity of the circuit and the inherent nonlinearity which
exists in most electronic devices. Furthermore, the scope and signifi-
cance of "circuit analysis" has been much broadened. Theory and tech-
niques developed from large-scale networks and nonlinear circuit
analysis can often be used in other types of large-scale network and
system problems; for example, computer networks, power networks and com-
plex control systems.

It should be noted that because of the size and complexity of LSI
and VLSI, the objectives and approaches in analysis are considerably
different from those of the classical network theory. First, computa-
tion becomes a key element in the study of any large circuit or system.
The developmen. of efficient algorithms is crucial. While theoretical
results are essential, often one must also depend on heuristics.
Second, the study of the structure of a large circuit and the property
of interconnection is important. Frequently, large problems need to be
divided into smaller sub-problems in order to facilitate analysis, data
storage and computation. Third, design is usually accomplished by
experience as a first step and improved on by repeated analysis.
Fourth, such problems as reliability study, tolerance analysis, diag-
nosis and testing are impnrtant and should be kept in mind in the
overall design* process. The last item constitutes a new area of
research which was not a part of classical network theory. All these
indicate that there exist a large variety of problems of a circuit-
theoretic nature which need to be studied.

) ' --,,---,,- - -,-,,-i l lm m mllMOAN....""....
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Progress and Publicaticn9 3jz .act 2.-' rc~osal

The following is a summary of research. crowress -n the area of non-
linear and large-scale networKs wrnun were cublbsned since the last
major proposal.

1. Research Progress on Piecewise-Linear
Analysis and Piecewise-Linear Algebra

Piecewise-linear techniques have been used extensively in circuits
and systems theory to model dc nonlinear characteristics of electronic
devices, and to study a large class of nonlinear resistive networks. In
1977, Chua and Kang introduced new analytical representations for one-
dimensional piecewise-linear functions i. This piecewise-linear
representation was subsequently generalized to the multi-dimensional
case: it is applicable for any m-dimensional piecewise-linear function
which is affine over convex polyhedral regions bounded by linear parti-
tions2 . This generalization results in a tremendous amount of data
compression, thereby allowing large-scale piecewise-linear equations to
be stored in significantly less computer memory space. Application of
this result to the modeling and analysis of large-scale networks is
presently under investigation.

A new algorithm has recently been developed for solving piecewise-
linear equations of nonlinear electronic circuits.* Unlike other
methods, this algorithm guarantees that all solutions will be found in a
finite number of steps. The method depends crucially on the above cited
development which allows a multi-dimensional piecewise-linear function
to be represented in a closed canonical form. This highly compact
representation requires only a minimum amount of computer storage and is
responsible for the efficiency of the algorithm

Although motivated originally by analysis problems, the piecewise-
linear representation in reference 2 led naturally to important applica-
tions in nonlinear circuit synthesis. In parLicular, systematic methods
for synthesizing nonlinear networks having a prescribed scalar or mul-
tidimensional piecewise-linear function have been developed3 . In the
scalar case, precision active-circuit building hlocks using operational
amplifiers, transistors, diodes, and resistors have been derived for

4 realizing piecewise-linear driving point and transfer characteristic
plots. In the multidimensional case, methods have also been obtained
for realizing a multiterminal nonlinear network having a multidimen-
sional piecewise-linear transfer function. Moreover, these methods have
been generalized by synthesizing nonlinear n-ports having a prescribed
multidimensional piecewise-linear iriving-point function. Although most
of the basic building blocks are grounded active networks, converter
networks have been developed for transforming such grounded networks
into floating networks having the same properties. By slight modifica-
tions of these converter networks, other useful conversion properties
have also been developed.

*L. 0. Chua and Robin L-P. Yine,"Finding all solutions of piecewise-
linear equations," ERL M~emo 1CR/FRL 1!811 4, 27 July 1q81.

t
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More recently, this multidimensional piecewise-linear representa-
tion has led to the partial resolution 3f a e.eret.ofore unsolved conec-
ture first posed in 1978 4 . In a recent paner5,* we have proved that
every reciorocal n-port resistor represented by our n-dimensional
piecewise-linear function is realizable by 3 nonliner circuit containing
only 2-terminal piecewise-linear i resistors and a reciprocal linear
element, such as a (p~j)-port transformer. This result thereby resolves
one of the many fundamental questions raised in reference 6. In partic-
ular, we have proved the following:

Theorem 1. n-Dort Reciprocity Criter a

A piecewise-linear n-port described by

il a, + b1vI + ... + bln Vn + E Ylk1'lk 1 vI + +.. + n V n n - 1k I
k=l

mn

in a n + bnV1 
+ ... + bnnVn + E 9nk1fnk vl +" + CLnk n Vn -nk

k=l 1

is reciprocal if and only if

a) b.i- b..
J1

b) mj -i

cj *kI  ikI  , k = 1,2,...

k 1,2,...mj

8Jk Bik , k x 1,2,... ,mj

*The second author (David J. :urtin) was sumrorted by the JSF.P Con-

tract F44620-71 -C07.
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Theorem 2. Reciprocal n-port Synthesis Criteria

A piecewise-linear n-port satisfying the above reciprocity criteria
can be synthesized using only passive piecewise-linear 2-terminal resis-
tors and a (p-q)-port transformer if and only if the set of algebraic
conditions given in reference 5 is satisfied.

Both theorems I and 2 could not be proved without using our mul-
tidinensional piecewise-linear representat:)n whose explicit analytical
representation was crucial in constructing the piecewise-linear alge-
braic proof.

Recently, we have developed two approaches for realizing a (p+q)-
port transformer using operational amplifiers.* Unlike iron-core
transformers, our realization is valid from dc to a relatively high fre-
quency, limited only by the op amp's frequency response.

2. Research Progress on Qualitative Nonlinear Network Analysis

Among the many important unsolved problems posed in the last major
proposal concerning the foundation of nonlinear circuit theory, the fol-
lowing are some of the recent results published on thts subject.

a. Implications of Camacitor-only Cutsets and
Inductor-only Loops in Nonlinear Networks.

Let N be an autonomous dynamic nonlinear network. Let NRC be the
associated resistive subnetwork obtained by open circuiting all capaci-
tors and short circuiting all inductors. We have proved the following
results in reference 7.

() Suppose that NRC has only isolated operating points. Then N has
only isolated equilibria, if and only if, there are no capacitor-
only cutsets and inductor-only loops.

(2) If the above condition is violated, then there are a continuum of
equilibria even if the operating points are isolated.

(3) Let M be the set of equilibria. Then etch trajectory is con-
strained to lie on an affine submanifold M , which depends on the
initial state, such that M .e has only isolated points. Hence,
each trajectory behaves as if it has only isolated equilibria. The
space M , because of its nature, can be considered as the minimal
dynamic space of the network.

The above results are of special relevance to the computer simula-
tion of nonlinear electronic circuits8 . The presence of inductor-only
loops and capacitor-only cutsets could lead to serious numerical prob-
lems during integration. These issues have been the subject of sveral
heated debates9,lV almost 20 years ago. The results presented in pro-
vide a definitive and rigorous resolution of the fundamental issues
raised in references 9 and 10.

*L. 0. Chua, C. N. Lin and J. J. Lum, "The (p~q)-port transformer,"
ERL Memo UCB/ERL M8I/41, 11 June 1981.
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b. Dynamics of Josephson-iunction Circuit-."

Although seemingly esoteric, the electromagnetic properties of
Josephson junctions have been used in applications ranging from the
measurement of minute computers with pico second switching times.

Although much has been published concerning Josephson-junction cir-
cuits, these articles are either quantum-mechanical analyses of the
Josephson effect or sundry reports of experiments which reveal some very
remarkable phenomena associated with circuits containing Josephson junc-
tions. Those who have ventured to solve the differential equations of
Josephson-junction circuits have necessarily restricted themselves to
approximate methods, or the use of approximate analog models. The
situation remains somewhat unsatisfactory from the circuit theorist's
point of view, as only a very limited insight is available into the gen-
eral circuit behavior of the devices.

Our research on Josephson-junction circuits was conerned mainly
with developing a unified qualitative theory of the phenomena associated
with Josephson-junction circuits. Some recent progress has been
reported1 1 . In particular, the features of the d.c. I-V characteristic
of a Josephson junction have been explained rigorously in terms of the
flows on a cylindrical phase space. The junction phase difference
attains an equilibrium point in the supercurrent regime, and acts like a
current-controlled oscillator in the finite voltage regime. The hys-
teresis in these characteristics is due to the coexistence of an equili-
brium point and a periodic solution.

For the a.c. excited Josephson junction, the dynamics are described
for a simpler circuit model as trajectories on the surface of a torus.
Using the concept of a turning point to define the various possibilities
of periodic flows on the torus,, the character of harmonic and subhar-
monic oscillatory waveform has been derived. Furthermore, the existence
of almost periodic waveforms has been established. The presence of
constant-voltage steps is related to the structural stability of the
turning point, which roughly means that the character of a periodic
oscillation is not affected by small enough perturbations in the excita-
tion. An algorithm is given in reference II to numerically determine
the heights of these constant voltage steps.

A precise interpretation is also given in reference 11 showing how
an s.c. excited junction is subject to sy*,nchronization phenomena, and
that the step height is merely the entrainment range, or locking range,
of each synchronization event. It is also shown how synchronization, in
general, can be geometrically interpreted as closed trajectories on an
integral manifold which can be smoothly transformed into an n-
dimensional "torus."

c. Theory of Symmetry in Nonlinear Circuits 12,13

Simple group-theoretic concepts hav. been used successfully in
references 12 and 13 to develop a rigorous and comprehensive theory of
symmetry for nonlinear elements and circuits. This theory does not rely
on geometrical arguments or other ad hoc techniques normally invoked in
such studies. This theory also unifies all forms of symmetry, including



ISS-83-1 - p. 7

rotation, reflection and complementary symmetry into a single framework.

It also includes all known nonlinear symmetry principles as special
cases. Moreover, a general method for identifying all symmetry charac-

teristics possessed by a nonlinear multiterminal element or circuit has
been obtained. Some of the results that.have been obtained concerning
symmetry in a nonlinear element are:

(1) Several algorithms for synthesizing a nonlinear multiport or

multiterminal element having any prescribed form of symmetry have been
derived. In particular, various examples have been used to illustrate
how these algorithms can be used to derive well-known symmetrical non-
linear circuit modules such as push-pull amplifiers, complementary-
symme ric amplifiers, rectifiers, modulators, etc.

(2) A reduction algorithm has been developed which allows a com-
plicated symmetric element to be analyzed by a much simpler reduced ele-
ment.

(3) A general principle has been derived for applying symmetry to

achieve frequency separation in nonlinear communication circuits where

the even harmonic components are separated from the odd harmonic com-

ponents.

d. Passivity i Dynamic Nonlinear n- arts

In this research* we have succeeded in stating rigorously the
energy-based concepts which are fundamental to nonlinear network theory,
passivity and losslessness, and clarifying the way they enter the
input-output and the state-space versions of the subject. We examined
the conflicting definitions of passivity which exist in the literature
and demonstrated the contradictions between them with several examples.

We proposed a particular definition of passivity which avoids these con-
tradictions by eliminating the dependency on a state of "-ero stored
energy," and we showed that it has the appropriate properties of
representation independence and closure. We applied it to several
specific classes of n-ports and derived equivalent passivity criteria.
The exact conditions are given under which this definition is equivalent
to one based on a internal energy function, and we used the concept of
an internal energy function to provide a canonical network realization
for a class of passive systems.

e. Geometric Properties of Dynamic Nonlinear Networks

In this research," we have derived several basic results on

*J. Wyatt, Jr., L.O. Chua, J. W. Gannett, I. C. Goknar and D. N.

Green, "Energy concepts in the state-space theory of nonlinear n-ports:

Part I - Passivity," IEEE Trans. Circuits and Systems, Vol. CAS-28, Jan.
1981, pp. 48-61.

*aT. Matsumoto, L. 0. Chua, H. Kawakami and S. Ichiraku, "Geometric
properties of dynamic nonlinear networks: transversality, local solva-

bility and eventual passivity," IEEE Trans. Circuits and Systems, Vol.

CAS-28, Maay 1981, pp. 406-428.
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dynamic nonlinear networks from a geometric point of view. One of the

main advantages of a geometric approach is that it is coordinate-free,
i.e., results obtained by a geometric method do not depend on the par-
ticular choices of a tree, a loop matrix, state variables, etc. There-
fore, the method is suitable for studying intrinsic properties of net-
works.

We have shown that transversality of resistor constitutive rela-
tions and Kirchhoff space is a sufficient condition for the configura-

tion space to be a submanifold. Our main result states that a network
is locally solvable, i.e., the dynamics of a network is well defined in

the sense of Definition 3, if and only if, capacitor charges and induc-
tor fluxes serve as a local coordinate system for the configuraton
soace. In other words, if all the variables in a network are determined
as functions of capacitor charges and'inductor fluxes, at least locally,
then the dynamics is well defined. Conversely, if the dynamics is well
defined, then all the variables in a network are determined as functions
of capacitor charges and inductor fluxes. Because of its coordinate-
free property, our main result also says that if the dynamics is well
defined in terms of some coordinate system, then it must be well defined
in terms of capacitor charges and inductor fluxes. Conversely, if the
dynamics is not well defined in terms of capacitor charges and inductor
fluxes, then there is no choice of variables in terms of which the
dynamics is well defined in the sense of Definition 3. This shows that
capacitor charges and inductor fluxes are the fundamental quantities in
describing the dynamics of networks. Perturbation results are given
which guarantee transversality and local solvability. Finally, several

other perturbation results are given which guarantee eventual strict
passivity of dynamic nonlinear networks. They explain why the voltage
and current waveforms of almost every network of practical importance
are eventually uniformly bounded.

3. Research Progress on Circuit Layout and Routing

During the past year a major effort has been made on the routing
aspect of circuit layout. The work includes three distinct problems,
namely:1 3

Wi) Global wiring and the Steiner problem,

(ii) Generalized channel routing, and

(iii) A new approach to 2-layer routing.

(i) The problem of global wiring is of theoretical interest and
has significant practical value. It represents an important step in
automatic layout of master-slice and building-block chips. We have
developed a heuristic algorithm to solve the minimum Steiner tree prob-
lem with rectilinear distance. This will be a key part of the general
program which we are developing on global wiring.

(ii) We have extended our early work on channel routing to include
channels which have cyclic constraints 16 . A new program is being
developed based on a totally different approach on 2-layer routing. The
preliminary result is encouraging. In special cases the resulting

i



SSM-83-1 - p. 9

channel width could be smaller than the traditional lower bound of max-
imum, density.

(iii) In the traditional approach to automatic routing of 2-layer
printed circuit board, a unidirectional method is used. This depends on
the strategy of using one layer for horizontal connection and the other
for vertical connection. The interconnection between layers is made
through via holes. In a new approach, we have demonstrated that it is
possible to save about half of the vias required in the traditional
approach 14 . On the other hand, it is difficult to control the conges-
tion between pins and vias. However, by using a different via assign-
ment procedure, we can offer more flexibility in routing15 .

Publications

(1) L. 0. Chua and S. M. Kang, "Section-wise piecewise-linear func-
tions: canonical representation, properties, and applications,"
Proc. IEEE, (Special Issue on Multidimensional Systems), vol. 65,
pp. 915-929, June 1977.

(2) S. M. Kang and L. 0. Chua, "A global representation of multidimen-
sional piecewise-linear functions with linear partitions," IEEE
Trans. on Circuits and Systems, vol. 25, pp. 938-940, Nov. 1978.

(3) L. 0. Chua and S. Wong, "Synthesis of piecewise-linear networks,"
Electronic Circuits and Systems, vo. 2, pp. 102-108, July 1978.

(4) L. 0. Chua, "Nonlinear circuit theory," Proc. 1978 European Confer-
ence on Circuit Theory and Design, vol. I, Guest Lectures, pp.
65-172, Lausanne, Switzerland, Sept. 4-8, 1978.

(5) L. 0. Chua and D. J. Curtin, "Synthesis of reciprocal piecewise-
linear n-port resistors," IEEE Trans. on Circuits and Systems, vol.
27, pp. 367-380, May 1980.

(6) J. L. Wyatt, Jr., L. 0. Chua, and G. F. Oster, "Nonlinear n-port
decomposition via the Laplace operator," IEEE Trans. on Circuits
and Systems, vol. 25, pp. 741-754, Sept. 1978.

(7) T. Matsumoto, L. 0. Chua and A. Makino, "On the implications of
4capacitor-only cutsets and inductor-only loops in nonlinear net-

works," IEEE Trans. on Circuits and Systems, vol. 26, pp. 828-845,
Oct. 1979.

(8) L. 0. Chua and P. M. Lin, Computer-Aided Analysis of Electronic
Circuits: Algorithms and Computational Techniques, Prentice-Hall,
Englewood Cliffs,N.J.

4 (9) A. Bars, "The degrees of freedom in RLC networks," IRE Trans. Cir-

cuit Theory, vol. CT-6, pp. 91-95, March 1959.

(10) P. R. Bryant and A. Bers, "The degrees of freedom in RLC networks,"
IRE Trans. Circuit Theory, vol. CT-7, pp. 173-174, June 1960.

(i) A. A. Abidi and L. 0. Chua, "On the dynamics of Josephson-junction
4 circuits," IEEE J. on Electronic Circuits and Systems, vol. 3, PP.

186-200, July 1979.



Iss-83-1 - p. 10

(12) L. 0. Chu& and J. Vandewalle, "A unified theory of syumetry for
nonlinear multiport and multiterminal resistors," International
Journal on Circuit Theor and Alications, vol. 7, pp. 337-371,
1979.

(13) J. Vandewalle and L. 0. Chua, "A Unified theory of symmetry for
nonlinear resistive networks," J. of the Franklin Institute, vol.
308, pp. 533-577, Dec. 1979.

Publications Under Combined and Other Sponsorship

(14) L. 0. Chua and D. J. Curtin, "Synthesis of reciprocal piecewise-
linear n-port resistors, IEEE Trans. on Circuits and Systems, vol.
27, pp. 367-380, May 1980.

(15) L. 0. Chua and S. Wong, "Synthesis of piecewise-linear networks,"

Electronic Circuits and Systens, vol. 2, pp. 102-108, July 1978.

(16) A. A. Abidi and L. 0. Chua, "On the dynamics of Josephson-junction
circuits, IEE J. on Electronic Circuits and Systems, vol. 3, PP.
186-200, July 1979.

(17) T. Matsumoto, L. 0. Chua and A. Makino, "On the implications of
capacitor-only cutsets and inductor-only loops in nonlinear net-
works, IEEE Trans. on Circuits and Systems, vol. 26, pp. 828-845,
Oct. 1979.

(18) J. Vandewalle and L. 0. Chua, "A unified theory of symmetry for
nonlinear resitive networks," J. of the Franklin Institute, vol.
308, 2j. 533-577, Dec. 1979.

(19) L. 0. Chua and J. Vandewalle, "A unified theory of symmetry for
nonlinear multiport and multiterminal resistors," International
Journal on Circuit Theory and Applications, vol. 7, pp. 337-371,
1979.

(20) L. 0. Chua and C. Y. Ng, "Frequency-domain analysis of nonlinear
systems: general theory," IEE J. on Electronic Circuits and Sys-
tems, vol. 3, pp. 165-185, July 1979.

(21) L. 0. Chub and C. Y. Ng, "Frequency-domain analysis of nonlinear
systems: formulation of transfer functions," IEE J. on Electronic
Circuits and Systems, vol. 3, pp. 257-269, Nov. 1979.

(22) L. 0. ChuB, T. Matsumoto and S. Ichiraku, "Geometric properties of
resistive nonlinear n-ports: transversality, structural stability,
reciprocity, and anti-reciprocity," IEEE Trans. on Circuits and
Systems, vol. 27, pp. 577-603, July 1980.

Significant Accomplishments

The major results have been summarized under Sections 1, 2d and 2
0.

Proposed Research Program

Although much progress has been obtained since our last major JSEP
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proposal entitled "Large-scale and nonlinear circuits study," many of
the problems proposed in that proposal have not yet been pursued. Oth-
ers are still under continuing research*. We proposed therefore to con-
tinue our research along the lines described in our last major proposal.
The following is a summary of the proposed research program:

1. Piecewise-linear analysis of general nonlinear networks. While
piecewise-linear analysis has been proven to be a powerful method for
analyzing large, nonlinear resistive networks, its application to cir-
cuits with capacitors and inductors.has not been found useful. Prelim-
inary studies have indicated that a source of difficulty lies in the
noncommutative property of matrix multiplication. However, we believe
that techniques can be developed to deal with special classes of non-
linear dynamic systems. In particular, the concept of decomposing a
general RLC nonlinear circuit into three subnetworks should be explored.
Also, the problem of matching boundary conditions at discrete time needs
to be Investigated.

2. Spline approximation. While the piecewise-linear approximation
has tihe distinct advantage of reducing a nonlinear problem into a linear
one over a given region, thus greatly simplifying the computation, it
does not yield the desired accuracy for certain problems. To improve
accuracy, spline approximation can be used. On the other hand, with
spline functions, one needs to solve nonlinear equations over each
region. The technique developed in Katzenelsen's algorithm which
involves the crossing of simple boundaries cannot be used directly. We
propose to study the use of spline functions in solving nonlinear resis-
tive network problems. It is possible that a combined piecewise-linear
and spline function method can be devised.

3. Simplicial interpolation. In our most recent work on
piecewise-linear analysis, we introduced the method of simplicial inter-
polation for approximating an n-valued function. A key first step is to
select an n-dimensional rectangle in a bounded set in which the solu-
tions lie. The method of simplicial subdivision provides a systematic
way to tesselate an n-dimensional rectangle into simplices. With this,
the necessary computation in piecewise-linear analysis which deals with
boundary crossing becomes greatly simplified. However, further work is
needed, both in determining the bounded set and in choosing a suitable
initial grid. The present algorithm uses simplices of the same size
until an approximate solution is found. More work is needed in increas-
ing the efficiency of computation.

The method of simplicial approximation has also been found useful
in tolerance analysis of large scale circuits, 2 . The method proposed
by Director and Hachtel locates and approximates the boundary of the
feasible region of a design space with a simplex of boundary hyper-
planes. It gives solution to the tolerance assignment problem, and thus

*That proposal was written from a long-range planning point of view

and included many more basic research problems than we were prepared to
pursue. This was done in order to provide a better perspective on the
relationship between the various proposed topics of research.
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is capable of evaluating a given design. The computation steps required
are substantially less than those of the Monte Carlo method.

It is clear that simplicial approximation is a powerful tool for

studying many types of large-scale circuit and system problems. The

unique feature of the method lies in its computational elegance and sim-

plicity. Yet, for each type of application, different techniques must

be developed. We propose to generalize its applications and study many
of its salient features.

4. Diakoptic analysis of dynamic nonlinear networks. Our recent
work on large-scale networks has shown that there exists a one-to-one
correspondence which equates any form of diakoptic or codiakoptic
analysis to a special case of generalized hybrid analysis. This result
unifies both diakoptic and codiakoptic analysis into a simple circuit-
theoretic concept independent of any linearity assumption. In other
words, this concept should be applicable also for nonlinear and dynamic
networks. To obtain this generalization, we propose to develop algo-
rithms for decomposing a large system of nonlinear ordinary differential

equations -- such as those associated with nonlinear LSI circuits --
into several subsystems coupled to each other in a form analogous to the
decomposition of a generalized hybrid matrix into a bordered block-

diagonal, or a bordered block triangular form. This decomposition step
is not only convenient, but is in fact essential when a very large sys-
tem of state equations has to be solved. Indeed, even using the most
advanced sparse matrix technique, the computer cannot handle large sys-
tems of nonlinear differential equations effectively.

Various decomposition methods will be exploited and the relative
computational efficiencies compared against each other. Since each
method decomposes the solution process into several stages, each involv-
ing a relatively small system of equations, it can be implemented via
the so-called "small-computer approach;" namely, one can either apply
the overlay techniques to "stack" the decomposed solution states, or
apply parallel computation techniques to speed up the solution process.

We also propose to develop methods for investigating the qualita-
tive behaviors of large-scale nonlinear dynamic networks by analyzing
the beahviors of the decomposed subnetworks. For example, if each sub-
network is asymptotically stable, or completely stable, can we conclude
that the same property holds in the original network? Our preliminary
study on this important question shows that the qualitative properties
of the decomposed dynamic subnetworks are not generally preserved in the
original network. However, we were able to prove that many properties
are preserved if additional assumptions of a topological nature are
imposed3 . We propose, therefore, to apply the recent techniques
developed4 95 to derive corresponding results for large-scale dynamic
nonlinear networks.

5. Qualitative analysis of nonlinear communication circuits. With
the exception of amplifiers and active filters where nonlinearities are
undesirable, most communication circuits such as oscillators, mixers,
and frequency converters are inherently nonlinear in the sense that
their operation depends crucially upon the presence of at least one
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nonlinear element6 . In fact, even some "linear" input-output systems
such as the parametric amplfier must be designed around a nonlinear ele-
ment. Although nonlinear circuits can now be analyzed with the help of
computer simulation programs7 , the resulting information is often inade-
quate from the designer's point of view. Indeed, there are many ques-
tions of a non-numerical nature which are more vital to the proper
operation of the system.

For example, depending on the initial condition, it is well-known
that nonlinear circuits can exhibit several distinct modes of operation.
In fact, one perennial problem that confronts designers of parametric
amplifiers and frequency converters is the sudden burst of unwanted
subharmonic oscillations. Unfortunately, unless the designer knows what
initial conditions would give rise to such anomalous operations, the
existence of spurious operating modes may not be detected by computer
simulation. Such information could be obtained, however,by carrying out
qualitative anlysis of the associated system of nonlinear differential

equationsO .

There are many other important questions of a qualitative nature
which the circuit designer must answer in order to arrive at a good
design. Some of these questions are: Will the circuit be stable or will
it oscillate (except in the case of an oscillator)? If the circuit is
stable, what are the different modes of dynamic operation? Will there
be a unique steady state response? If so, how fast does the transient
decay to the steady state? What are the effects of noise and parasitic
elements on the operation of the circuit? In the case of amplifiers,
what are the dominant distortion terms and how can they be calculated
efficiently? In the case of frequency converters, how are the frequency
and power related to each other? Is it possible to derive a generalized
form of frequency-power relationships analogous to either the Manley-
Rowe or Page-Pantell type for nonlinear devices modeled by more than one
type of circuit elements? How can conversion efficiency be improved?
How do we design an optimally matched nonlinear circuit?

While answers to some of these questions have been given for
specific circuits containing diodes and transistors9 ,10 , they are gen-
erally rather ad hoc in nature and depend heavily upon the network
topology and the devices being used. Since future communication cir-
cuits are certain to contain such modern microwave devices as Gunn
diodes, IMPATT's, GaAs FET's, etc. II, it is essential that more unified
methods be developed. We propose therefore to continue our research in
this area with the ultimate objective of developing such a unified
theory.

6. Piecewise-linear algebra. Research on piecewise-linear
analysis over the past decade has been concerned mostly with the
develooment of efficient computer algorithms and the investigation of
the existence and uniqueness of solutions. Very little attention has
yet been given to the algebraic operations on equations involving
piecewise-linear functions because such functions have so far been
represented as a collection of systems of linear equations, each holding

4 over a prescribed region in space. Our recent discovery of an explicit
analytical formula for representing piecewise-linear functions of one

I .. .. . . . . ... . . ..
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variable1 2 shows that the class of all networks containing piecewise-

linear two-terminal elements can be described using only two basic non-
linear building blocks; namely, the "absolute-value func,.on" y ,
and the "sign function" y = sgn x. Using this representation, the
equilibrium equations of networks containing two-terminal piecewise-
linear elements can now be written in analytic form. This is analogous
to writing equilibrium equations for linear networks in matrix form.
The analysis of linear networks is an easy task, mainly because of the
availability of "matrix algebra" as a tool of analysis. Unfortunately,
no corresponding tools are available for analyzing nonlinear networks
because of the infinite variety of nonlinearities that must be con-
sidered. However, by restricting the class of nonlinearities to include
only the "absolute value function" and the "sign function," it is quite
hopeful that such an algebra would autQmatically allow any piecewise-
linear function of one variable and we would have in fact developed an
algebra for analyzing networks containing piecewise-linear elements.

The development of a "piecewise-linear algebra" would make it pos-
sible to carry out a symbolic analysis of networks containing
piecewise-linear elements. In particular, various nonlinear network
functions of practical interest -- such as the driving-point and

transfer characteristics -- can be derived in symbolic form. Another
application of the piecewise-linear algebra would be to derive design
equations where the important desig, parameters are preserved in sym-
bolic form. This in turn would allow a sensitivity analys.s to be made
via algebraic operations alone.

To summarize, we propose to apply our newly discovered analytical
representation to develop a piecewise-linear algebra for analyzing and
designing circuits containing piecewise-linear elements.

7. Computer-aided circuit analysis, design and layout. Recent
advances in microelectronics have created an urgent need of new
approaches to circuit analysis, design and layout. This research pro-
ject is concerned with two problem areas, namely: (a) piecewise-linear
circuit analysis and simulation, and (b) theoretical studies of layout
for integrated circuits and printed circuit boards.

(a) Piecewise-linear circuit analysis and simulation

The idea of piecewise-linear analysis first introduced by Katzenel-
son in 1965 has been fully developed by us, and a complete theory of
piecewise-linear analysis is now available. The theory has broad appli-
cations in nonlinear circuits and systems. The method has advantages

* over conventional methods, for example, in calculating driving-point or
transfer characteristics of circuits with negative slopes. Yet circuit
simulation based on the piecewise-linear method has not been widely
used. There are two main reasons, namely: the problem of corner cross-

ing, and the lack of study of convergence.

We have good reason to believe that the same technique could be gen-
eralized to allow piecewise-linear functions of many variables.
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Recently, two notable approaohes emerge which dill greatly enhance
I the power of the piecewise-linear -iethod.

The first which is developed by us is the use of simplicial approx-
imation. With simplicial approximation we can simplify the task of com-

puting the solution curve. There remain two problems to be investi-
gated, namely: the corner-crossing problem and the problem of choosing
the size of the initial complex. Both will affect the convergence of
the method.

The second approach is to use ideal diodes and linear resistors
only in modeling. This has the advantage that transition between

regions can be handled by linear programming. Furthermore, the ideal
diode model fits naturally to timing, logic and function simulation.
Much more work needs to be done with this approach. For example, the

problem of sensitivity and tolerance has never been attacked. Also, the
problem of fault diagnosis in ideal diode cicuits is worth studying
because it is simpler than fault diagnosis of analog circuits and could
possibly take advantage of the technqiues well-known in digital cir-
cuits.

(b) Layout study

With the advent of VLSI, the problem of layout has reached a new
dimension. We believe it is highly important to develop theoretical
concepts on what could be done. Recent literature is by and large res-
tricted to program development and almost void of analytical results.
Many problems need to be investigated.

The problem of placement is perhaps the most important and diffi-
cult. Existing work deals with either placement of uniform modules or
small analog circuits. Nowadays, in custom LSI, modules of various
shapes and sizes with thousands of interconnections need to be con-
sidered. Thus, net list alone, which gives information on connection,
is not enough for optimum placement. It is necessary to consider both
the geometries and the topological specifications. We believe that
graph theoretical concepts are essential in algorithm development.

A related problem is to predict the size of a chip from the
geometric and topological information. As chips become more dense, the
percentage of space needed for routing will. further incease. The task
of chip planning is fundamental to IC design. Of course efficient rout-
ing is implied in chip planning. Although methods of channel routing
and global routing are available, no optimum results exist. In this
connection, we have recently developed highly efficient channel routing
algorithms based on graph theoretical considerations. More such studies
will be carried out, for example, in channel routing with more than two
layers.

Finally there is a need to develop circuit simulation programs
directly from layout information. This involves the modeling of devices
as well as parasitic elements.
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Interaction With Other Work Units

We anticipate interacting with the CAD efforts of Professors Polak
and Sangiovanni-Vincentelli, as well as the large-scale system research
of Professors C. A. Desoer, P.P. Varaiya, R. W. Brodersen et al. (Work
units ISS-83-2 and SSD-83-4 respectively).
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Scientific Objective

The overall long term objective is to design control structures for
unknown systems subject to random disturbances. The class of structures
being investigated is the so-called "adaptive feedback control" laws,
the unknown system is any countable state Markov chain whose unknown
transition probabilities are parameterized. Also to be studied is the
practically important case where the "real" system does not belong to
the class of a priori selected models. In conjunction with this work,
dete,-%inistic system design methods and evaluations are also investi-
gated.

State of the Art

Over the past twenty-five years engineers have invented a variety
of procedures for designing control strategies. The sophistication of
these strategies has grown with the increase in the use of computers
which enables the implementation of complicated strategies in real time
(feedback control). But all these procedures rest on the assumption
that the information available about the system and the calculation of
the choice of control which is based on this information is centralized,
that is it takes place in a single system.

As engineers began to consider the control of large systems* (e.g.,
power systems, communication networks) in a scientific manner, it became
clear that "classical" procedures of design are inapplicable to the
problem of Combinatorial Complexity. As the number of variables
describing the system increases, the amount of computation necessary to
apply classical control strategies grows even faster, soon exhausting
the capability of existing and foreseeable computing capability. It was
soon recognized that a way of dealing with this complexity is to insist
on decentralized control strategiesl -4 . After this recognition,
research has proceeded in three directions. First, there has been the
attempt to derive design principles applicable to a fairly general class
of decentralized controllers5 1,. But this attempt was soon frustrated
by a new difficulty, Informational Complexity . As soon as information
and control is decentralized, the information available and the effec-
tiveness of the decision taken by each controller depend upon the deci-
sions taken earlier by other controllers. This "simultaneity" repro-
duces the Combinatorial Complexity at another level and renders inappli-
cable existing techniques of controller design. The difficulties
created by Informational Complexity are not well understood. On the one

b4ISystematic attention to the control of large systems began less than
ten years ago. An indication of this is given by the fact that the IEEE
Control Systems Society established its Technical Committee on Large

Scale Systems in 1969, its first editorial on large systems appeared in
1974, and its first Special Issue on Large Systems in April 1978.

SWe are indebted to Professor Y. C. Ho (personal communication) for
his conceptualization of these two kinds of complexity.
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hand we have several counterexamples of decentralized control problems
which appear quite innocent, but whose optimal strategies are extremely
complex 8,16 . On the other hand, we now know a (small) class of decen-
tralized information structures for which optimal control strategies do
have a simple structure4 .

The second direction of research has led to the search of optimum
decentralized controllers for what have been called quasi-stati, control
problems9 . For these problems optimum-controllers can have a simpler
structure since only "steady state" behavior is of interest. Some very
interesting solutions have already been proposed for the control of net-
work flowsl0 and for routing messages in a communication network11 .

Whereas the second direction described above seeks to reduce com-
plexity by simplifying the control task (attention to steady state and
ignoring transient behavior), the third direction reduces complexity by
restricting a priori the structure of the class of decentralized con-
trollers. In designing fixed structure controllers which guarantee ade-
quate response against random disturbances, the attempts to date have
been ad hoc 12-15. It seems clear that considerable advance can be made
if fixed structure decentralized controllers are investigated more sys-
tematically. This prediction is bolstered by the results recently
obtained in the study of decentralized linear feedback controllers which
guarantee adequate response against "deterministic but unknown" distur-
bances.

With the goal of designing robust controllers for large scale sys-
tems, the following approaches are relevant. First there is a very con-
siderable literature on the stability of interconnected systems based on
the Lyapunov method. In terms of generality of the results and of
technical sophistication, the paper of Rasmussen and Michel deserves
special mention 17 . Second, the problem can be approached from the
input-output point of view: given the input-output properties of the
subsystem and the topology of the interconnection, describe the I/O pro-
perties of the overall system. Under the joint sponsorship of NSF and
JSEP we conducted a thorough investigation of this problemiS . We refer
the reader to its 46 item reference list. Recently we produced an
improved formulation of the problem which led us to necessary and suffi-
cient conditions for stability, even for the nonlinear case. The goal
of this research is to study the input-output properties of the overall
system. The advantage of the approach, namely graphical decomposition,
is that it applies equally to nonlinear time-varying just as well as
linear time-invariant systems, either lumped or distributed. The graph-
ical decomposition technique operates as follows: the digraph of the
interconnected subsystem is decomposed into an acyclic interconnection
of strongly connected components and then a minimal essential set is
extracted to further simplify the analysis of the strongly connected
components.

On the decentralized control of large systems, especially as it
relates to tracking and disturbance rejection, the work of Davison 19 ,2 0

deserves special mention. We used it as well as graphical decomposition
techniques to investigate the eigenvalue assignment and stabilization
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problem of linear time-invariant interconnected systems2 1 ; one main
result is that we can achieve eigenvalue assignment provided we operate
at the column subsystem level, whereas if we restrict ourselves to sum-
mation node level, examples show that eigenvalue assignment cannot be
achieved in general, whereas we prove that we can achieve stabiliza-
tion 21 .

On the more specific topic of tracking and disturbance rejection,
the considerable literature and several approaches used are reviewed in
reference 22. Furthermore, the principal results are given a stream-
lined self-contained derivation in reference 23. Unfortunately, all
this literature considers only linear, usually lumped systems and
discusses robustness of the servocompensators only within that class2 4 .
The effect of nonlinear plant perturbation on optimal control design has
recently been examined in references 25,26; in the broader aspect of I/O
stability in references 27-29.

Onl one recent report treats the tracking problem for nonlinear
systems30.

Adaptive control strategies are increasingly being suggested as an
appropriate solution to the situation where the system to be controlled
is not known and is subject to random disturbances. Adaptive control is
a compromise between two extreme alternatives. The first: assume the
unknown system is equal to a "nominal" system, may give a performance
which is unacceptably degraded; the second: formulate the problem as a
Bayesian decision problem and solve it by Dynamic Programming, while
formally optimal, it cannot be "solved" except in the most trivial
instances.

In adaptive control, one identifies the unknown system using previ-
ous data; and then uses the control assuming the current estimate of the
unknown system to be the true system. As time progresses, and more data
is collected, the uncertainty regarding the system declines and the per-
formance improves. The crucial question is how fast this improvement in
the knowledge and performance of the system occurs. Previous research
has been primarily focused on linear systems.

I
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Progress and Relevant Publications Since Last Major Proposal

A. Under Combined Sponsorship

1. Control of Markov Chain Models
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We have completed the first phase of the research. Our work (and
of others in the field) is summarized in [a]. This research dealt with
the control of Markov chains when the transition prooabilities are not
known a priori. Then the function of control action is to simultane-

6ously learn the system parameters and to guide the system in a desired
fashion. The strategy adopted to do this is adaptive control. Here at
each time instant the past observations are used for parameter estima-
tion and the next control action assumes that the estimate is true.

Two ideas for estimation have appeared. The original one is to use
the maximum likelihood estimate (MLE). Kumar has modified this by mul-
tiplying the likelihood function by a term that corresponds to the
reward. The resulting estimates have some desirable properties not
enjoyed by the MLE.

Convergence of estimates is guaranteed when the parameter set is
finite but not when it is infinite. Nevertheless, Kumar's modified XLE
produces a control which is optimal. The problem of finding conditions
to ensure parameter convergence seems rather difficult.

2. Design of Deterministic Control Systems

Fundamental studies in nonlinear feedback systems have been com-
pleted: a general theory of multi-input puti-output nonlinear feedback
systems has been completed and publishedLhi. It gives a complete gen-
eralization of the theory that H. S. Black presented for the linear
time-invariant single-input single-output feedback system. In addition,
it gives a completely general demonstration that the linearized inverse
return difference is the quantity that controls the degree of desensiti-
zation to plant and/or output disturbances. It is also shown to play a
key role in linearizing the I/O map of the closed-loop system.

The streamlining of the theory of the generalized Nyquist crite iqn
and its generalization to the distributed case has been publishedL J.
We hear that the method has been programmed and is being used at TRW in
Los Angeles, and at Aerospace Corporation, El Segundo, CA. The features
of our generalized Nyquist criterion are that (a) it applies to the dis-
tributed case, and (b) it does not require any reference to Riemann sur-
faces, branch cuts, etc. that previous derivations required.

An interesting approach to the study of linear feedback systems due
to Zames has been adapted to the problem of designing multivariable
feedback systems with stable plants. This design method is revolution-
ary in that (a) it is based on the global parameterization of the four
transfer functions pertaining to the problem, and (b) the stability of
the design is easily checked without having recourse to such things as
Nyquist diagrams etc. The design algorithm allows complete freedom -
modulo, of course, the C. - zeros of the plant - in the choice of I/O
map: therefore we can diagonalize the I/O map, assan zeros indepen-
dently to each channel, assign oles independently to each channel and
achieve tracking requirements [8T.

As a result of these studies, we developed a straightforward algo-
rithm for the design of single-input single-output systems [t].
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The algebraic methods have been extended to square or rectangular,
discrete-time or continuous-time, lumped or distributed plants. A
report of this work is in preparation and is submitted for the American
Control Conference 1983 Lmj. The Q-parameterization method has been
extended to simple unstable plants. This will be presented at the CDC
1982 [n].

We studied carefully the problem of robust stability: first we gave
a much more general proof of a result surmised by Doyle and Stein Lo].
Then we developed a completely general study of robustness where there
are no constraints on the kind of perturbation the plant may experience

[p].

C. Significant Accomplishments

The spread of computer-assisted control has increased the possibil-
ity of implementing adaptive controllers which "tune" the control inputs
t6 automatically detected changes in operating conditions. Considerably
more work needs to be done, and this will take several years, before
adaptive controllers can be implemented on a routine basis.

Work on statistical identification has shown us that it is possible
to design experiments to identify an unknown system, and engineers have
developed many methods for controlling a known system. The aim of adap-
tive control is to carry out both tasks - identification and control -
concurrently. Our investigations, and the work of others, have proved
that, in principle and under precisely stated conditions, this is indeed
possible. Others have shown that adaptive controllers will operate
satisfactorily for linear systems of the form:

a Y = biut i  + C ciwt -i

where yt, ut, wt are the output, input and white noise and the ai, bi,
ci are unknown parameters. Our work has resulted in conditions for the
satisfactory control of systems of the form:

xt+i = f(x t,wt,ut,O)

where xt is a discrete state, and 0 is the unknown parameter.

We have studied the case when xt belongs to a countable state
space, 0 ranges over a compact set and, at each t, 0 is estimated by the
maximum likelihood estimator ot . It is shown that if ot converges to
0*, then 0* correctly identifies the closed-loop system, but not neces-
sarily the open-loop dynamics. Moreover, Ot need not converge at all.
However, if an arbitrarily small random component is added to the con-
trol, then the true parameter is identified with probability 1. These
results are presented in [q].
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Scientific Objective

This project is a continuation of Project ISS-83-3, Computer Optim-
ization of Electronic Circuits. Our chief objective remains the
development of an interactive, optimization-based, computer-aided design
methodology for the design of electronic circuits. To this end, we pro-
pose to continue developing specialized, iovetailing, single and multi-
objective optimization algorithms, circuit simulation techniques and
device models. In addition, since the development of progressively more
complex systems makes sense only if these systems can be maintained, we
propose to perform research on system diagnosability and fault analysis.

The optimization algorithms to be developed must be capable of
solving complex, nondifferentiable, semi-infinite optimization and
trade-off problems which arise in electronic circuit design when toler-
ances, trimming, and distributed constraints are taken into account.
Our simulation procedures must be capable of producing not only circuit
responses, but also the derivatives of these responses with respect to
design parameters. In addition, they must have special variable preci-
sion features which result in a reduction of computing time at low pre-
cision, so that an optimization algorithm can call such a procedure with
low precision when far from a solution and increase precision adap-
tively, as a solution is approached. The effect of such variable preci-
sion computation is to considerably reduce computing times. Since pro-
duction tolerances can be imposed on only a very small number of device
parameters, and since the optimization algorithms become extremely inef-
ficient when tolerances on a large number of parameters are specified,
device models must be developed in terms of production parameters by
making use of the fact that the variation of many circuit parameters can
be expressed in terms of variations of production parameters.

Finally, our theoretical work will be implemented and experimen-
tally evaluated in an interactive-computer aided design facility which
we are developing.

State of the Art

Optimization-based computer-aided design is certainly not a new
phenomenon, see for example [B9,BI1,B13,B15,B20,Cl,K1,K2,P7,H16]. How-
ever, until quite recently, its use was severely limited by the fact
that the available optimization algorithms were not able to solve design
problems with tolerances, trimming and distributed constraints, such as
those imposed on frequency or transient responses [B20]. The reason for
this is that such a design problem frequently assumes the form

min(f(x)ig*(x) < 0, i = 1,2,..,1; max h3(x,w) < 0, j -1,2,..,J;

wEW

kmax max min max z (x,e,s,t) < 01 (1)
eEA s(= tET k

where gi(.) represents simple constraints on the nominal design vector
x, hi(.,.) represents nominal frequency (or time ) dependent constraints
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on impedances or gains, etc., and T represents the requirement that per-
formance be maintained in the presence of production errors e which can
be counteracted by adjusting the trimming parameters t. The variable s
may represent time or frequency or temperature, etc. The above problem
is easily recognized as a non-differentiable, semi-infinite optimization
problem, i.e., about as difficult an optimization problem as one cares
to think of.

Although there is a fairly large literature on algorithms for vari-
ous classes of semi-infinite and nondifferentiable optimization prob-
lems, see e.g., [B25,B26,B27,D8,D9,G6,G7,G8,Hl2,MIO,Pl4,PI6,PI7a,H1,TI],
we find that many of these algorithms are either conceptual (i.e.,
involve operations that one is not able to perform) or address them-
selves to very restrictive classes of problems, such as those with one-
dimensionally convex constraint sets [B9,B11,BI3,B15]. As far as gen-
eral purpose, implementable algorithms are concerned, there appear to be
only three [P14,G6,T1] which solve the simpler case of (i) when there
are no tolerance and trimming constraints present, two [G6,P4] which
allow for tolerances and only one [P5] which solves (1) in its complete
generality. All of these three algorithms were co-authored by E. Polak.

In addition to the difficulties mentioned above, the use of optimi-
zation techniques in electronic circuit design was, and still is,
severely handicapped by the fact that existing simulation codes, e.g.
the ones described in [KI,J6,Z2], which must be called for function and
derivative evaluation, have inadequate provisions for derivative calcu-
lations. For example, if we consider a sample of the best known com-
puter aided analysis programs, such as ASTAP [A6], CIRCUS [D7], ECAP
LE2], NET 2 [M7j, SCEPTRE [B61], SUPERSCEPTRE LS12], SPICE 2 [N3] and
BELAC [G12], we find, quite typically, that ASTAP computes no sensitivi-
ties, SPICE 2 computes only small-signal sensitivities, and none of them
compute temperature sensitivity. 'de are now beginning to develop an
effort to extend these programs so that required derivatives will also
be computed. In addition to the simulation programs mentioned above,
programs based on tearing algorithms [B28,C9,H5,H6,KS,M14,R1,S3-
S8,S10,S11,W5], and on model approximation and decoupling [C6,FI] are
also being considered for extension since they are more efficient in
large-system applications.

As specialized optimization algorithms began to be developed for
electronic circuit design, such as [P4,P5], it became obvious that
existing device models were completely incompatible with the need of
keeping the total number of toleranced variables small. Quite recently
R. G. Meyer was able to show that more suitable models can be developed,
because many of the important variables are correlated, and that their
behavior can be expressed in terms of a reasonably small number of vari-
ables the tolerances on which can be controlled in the production pro-
cess, such as sheet thickness, resistivity, device scaling factors, epi-
taxial doping, etc.

As far as fault diagnosis is concerned, we find theoretical results
for the diagnosability of linear circuits and systems
[Bl,B3,B4,E3,LI,NI,R2,R3,SI,S2,Sll,T1,T4-T6]. Some preliminary results
for the diagnosability of memoryless nonlinear circuits and systems were
co-authored by A. Sangiovanni Vincentelli [S12]. However, there appear
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to be no diagnosability results for dynamic nonlinear circuits and sys-
tems.

Progress and Publications Since Last Major ProDosal.

A. Under JSEP

1. Existing semi-infinite optimization algorithms used in engineering
design are very reliable. However, since they are only first order
methods, they are rather slow. Now, engineering design via optimization
involves a great deal of time-consuming simulation and hence, in con-
junction with first order methods, can be quite expensive in computer
time. Obviously, there is a great need for faster methods. Professor
E. Polak, in collaboration with Professor D. Q. Mayne of Imperial Col-
lege, London, and Andre Tits, a graduate student, have made a consider-
able amount of progress in devising superlinearly converging algorithms
for solving nonlinear semi-infinite optimization problems encountered in
engineering design. Their work is reported in the following papers.

D. Q. Mayne and E. Polak, "A quadratically convergent algorithm for
solving infinite dimensional inequalities," University of California,
Berkeley, Electronics Research Laboratory Memo No. UCB/ERL M80/11, 1980.
To appear in J. of Appl. Math. and Optimization.

E. Polak and A. Tits, "A recursive quadratic programming algorithm for
semi-infinite optimization problems," International Symposium on Semi-
infinite Programming, University of Texas, Austin, September 8-10, 1981,
also to appear in J. of Appl. Math. and Optimizrtion.

E. Polak and A. Tits, "On Globally stabilized quasi-newton me, ds for
inequality constrained optimization problems", 10t F'IP Conference on
System Modeling and Optimization, New York Aug,;- - -be,tember 4, 1981.

D.Q. Mayre and E. Polak, "A superlinearly curvergent algorithm for con-
strained optimization problems", Mathematical Programming Study 16, On
Constrained Optimization, pp. 45-61, 1982.

2. We have made a great deal of pro~ress in constructing an interactive
computing system for optimization-based computer-aided-design. Our
present package, DELIGHT, offers an extremely high level language for
very rapid and easy optimization program writing; extreme modularity,
which permits very simple assembly of algorithms and problems from
blocks; easy interface to simulation and system definition packages such
as SPICE; various interrupt and restart features; powerful graphics;

i etc. Our progress to date on this system is described in:

W. Nye, E. Polak, A. Sangiovanni-Vincentelli and A. Tits, "DELIGHT: an
optimization-based computer-aided-design system," University of Califor-
nia, Berkeley, Electronics Research Laboratory Memo UCB/ERL M81/19,
1981; Proc. IEEE Int. Symp. on Circuits and Systems, Chicago, Ill, April
24-27, 1981.

3. In our earlier work on design centering, tolerancing and tuning
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problems, we discovered that these problems are inherently nondifferen-
tiable. An examination of the literature showed that there was very
little available by way of nondifferentiable optimization algorithms.
It was therefore clear that the art of constructing nondifferentiable
optimization algorithms would have to be considerably extended if these
algorithms are to become a realistic tool in engineering design. Pro-
fessor E. Polak, in collaboration with Professor D. Q. Mayne of Imperial
College, London, and Y. Wardi, a graduate student, have studied the pos-
sibility of obtaining nondifferentiable optimization algorithms by
extension of differentiable optimization algorithms. Their results are
most encouraging and are reported in:

E. Polak, D. Q. Mayne and Y. Wardi, "On the extension of constrained
optimization algorithms from differentiable to nondifferentiable prob-
lems," University of California, Berkeley, Electronics Research Labora-
tory Memo No. UCBERL M81/78, 1981, also to appear in SIAM J. on Cont.
and Opt.

E. Polak and D.Q. Mayne, "Algorithm Models for Nondifferentialble Optim-
ization", University of California, ERL Memo UCB/ERL No. M82/34, May

4 1982.

E. Polak, "Semi-infinite Optimization in Enginering Design", Interna-
tional Symposium on Semi-infinite Programming, Univ. of Texas, Austin,
Texas, Sept. 8-10, 1981.

4. Professor Polak has shown that nondifferentiable, design centering,
tolerancing and tuning problems can be decomposed into a sequence of
differentiable optimization problems via outer approximations. As a
result, the arsenal of computational tools available for their solution
is much enlarged.

E. Polak, "An Implementable Algorithm for the Design Centering,
Tolerancing and Tuning Problem", J. on Opt. Th. and AU., Vol. 35, N. 3,
Nov. 1981.

5. Professor Polak in collaboration with Y. Wardi, a graduate student
has presented a theory that enables one to make some sense in a number
of optimization problems defined on function spaces, where either the
problems themselves have no solutions or algorithms construct sequences
in solving them that have no accumulation points in the spaces in which
they are defined. The tools used to achieve this result are minimizing
sequences.

4 E. Polak and Y. Wardi, " A Study of MInimizing Sequences", University of
California, Berkeley, ERL Memo M82/22, March 1982.

6. Professor A. Sangiovanni-Vincentelli has co-authored three survey
papers dealing with various design aids for VLSI. These papers are as
follows:

R. Newton, D. 0. Pederson, A. Sangiovanni-Vincentelli and C. Sequin,
"Design aids for VLSI: The Berkeley perspective," IEEE Trans. on
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Circuits and Systems, July 1981.

G. Hachtel and A. Sangiovanni-Vincentelli, "A survey of third generation
simulation techniques," IEEE Proc., November 1981.

R. Brayton, G. Hachtel and A. Sangiovanni-Vincentelli, "A survey of
optimization techniques for integrated circuit design," IEEE Proc.,
November 1981.

7. Professor A. Sangiovanni-Vincentelli and V. Visvanathan, a graduate
student, partly in collaboration with Professor of R. Saeks of Texas
Technological University, have made a considerable amount of progress in
the area of diagnosability of nonlinear circuits and systems. Their
work is reported in the following papers:

V. Visvanathan and A. Sangiovanni-Vincentelli, "Diagnosability of non-
linear circuits and systems, Part I: The DC case," Special joint issue
of IEEE Trans. on Computer and IEEE Trans. on Circuits and Systems on
Design for Testability, November 1981.

R. Saeks, A. Sangiovanni Vincentelli and V. Visvanathan, "Diagnosability
of nonlinear circuits and systems-Part II: Dynamical systems," Special
joint issue of IEEE Trans. on Conputers and IEEE Trans. om Circuits and
Systems, on Design for Testability, November 1981.

V. Visvanathan, "Applications of Differential Sensitivity to Large-
Perturbation Problems: Diagnosability and Model Simplification", PhD
Thesis, University of California, Berkeley, 1982.

8. Professor A. Sangiovanni-Vincentelli and E. Lelarasmee, a graduate
student, partly in collaboration with Dr. A. Ruehli of IBM T.J. Watson
Research Center, have developed a new family of relaxation based methods
for large scale circuit simulation. It has been possible to character-
ize the convergence properties of these methods and to show that for a
large class of circuits, i.e. MOS digital circuits, the method will
always converge to the solution of the circuit equations. An experimen-
tal computer program called RELAX, has been written. Its performances
are impressive: using the same models, RELAX has computed with the same
accuracy transient responses of MOS digital circuits about 70 times fas-
ter than SPICE2. This research has been awarded a best paper award at
the 1982 Design Automation Conference and the D.J. Sakrison Memorial
Award given to E.Lelarasmee for outstanding research done by a graduate
student in the Department of EECS, University of California, Berkeley.
The papers where these results have been reported are:

E. Lelarasmee, A. Ruehli and A. Sangiovanni-Vincentelli, "The Waveform
Relaxation method for time domain analysis of large scale integrated
circuits", IEEE Trans. on Comp. Aided Des. of Int. Circ. and Sys., vol
CAD-i,No. 3, pp.131-145, July 1982.

E. Lelarasmee, A. Sangiovanni-Vincentelli and A. Ruehli, "A New Relaxa-
tion Technique for Simulating MOS Digital Integrated Circuits" Proc.
1982 Int. Symp. on Circ. and Syst., pp. 1202-1205, Rome, May 1982.
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E. Lelarasmee and A. Sangiovanni-Vincentelli, "RELAX: A New Circuit
Simulator for Large-Scale MOS Integrated Circuits" Proc. 19th Design
Automation Conference, pp. 682-690, Las Vegas, June 1982.

E. Lelarasmee, "The Waveform Relaxation Method for the time domain
analysis of large scale integrated circuits: Theory and Applications",
PhD Thesis, University of California, Berkeley, 1982.
Significant Accomplishments

1. We have made important progress in devising superlinearly con-
vergent algorithms for the solution of semi-infinite optimal design
problems.

2. We have developed a comprehensive theory of diagnosability for
dynamical nonlinear circuits and systems.

3. We have made a considerable amount of progress in developing
DELIGHT, a highly sophisticated interactive computing system for
optimization-based computer aided design of engineering systems and, in
particular, of electronic circuits.

4. We have developed a new family of relaxation-based methods for
the simulation of large scale circuits that may open an entire new vista
on circuit simulation.

Proposed Research Program

Introduction

The research which we propose to carry out is in four parts, three
of which must be kept highly co-ordinated, while the fourth one is
rather independent of the others. The three coordinated parts of our
research are: (i) the development of optimization algorithms for single
and multi-objective optimization problems corresponding to electronic
circuit design problems with simple inequality constraints, semi-
infinite inequality constraints, and max min max ... type of constraints
which results from specifications on nominal parameter values, frequency
responses, tolerancing and trimming, etc.; (ii) the developement of
efficient simulation codes which compute not only responses but also
various sensitivities and whose precision can be modulated as a means of
controlling computing time; and (iii) the development of device and cir-
cuit models which allow to express system behavior in terms of a very
small number of fundamental variables which can be controlled in the
production process. The stand-alone part of our research is devoted to
developing a comprehensive theory of fault diagnosis for nonlinear cir-
cuits and systems.

Our research results will be tested, evaluated and fine-tuned in
our interactive computing facility which is currently being used to
develop a multidisciplinary, optimization-based computer-aided design
methodology. The power of the DEC 11/780 computer and the availability
of sophisticated, interactive graphics features makes this facility an
ideal medium for this type of experimental work.

Optimization Algorithms for Interactive Electronic Circuit Design.
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a) Single-Objective Optimization

To accomodate most, if not all the important requirements of elec-
tronic circuit design, the optimization problem to be considered must be
at least as complex as the following one

min f(x)lgi(x), i = 1,2,..,I; max hJ(x,w) < 0, J = 1,2,..,J;

max max min max z(x,e,s,t) <0 (1)
eEE sr=S tEr kEK

where f,gi,hJ and zk are all continuously differentiable and W, S, E R,
and TQRP are compact sets. At the present time, there are only two
approaches possible to such a problem, one based on outer approximations
of the constraint set and the other one on inner approximations of the
constraint set [G6,P5,D16,S13].

(i) Outer approximations can be used to decompose (1) either into a
sequence of nondifferentiable problems, as was done in [P6], or into a
sequence of differentiable problems, as was done in [P5]. While, in
general, it is preferable to decompose a difficult problem like (I) into
an infinite sequence of differentiable problems, the price paid in [P5]
for obtaining a sequence of differentiable problems was that these prob-
lems may have a very large and possibly ill conditioned set of con-
straints. Since our ability to handle nondifferentiable problems has
considerably improved since LP5,P6] were written, we propose to examine
the advantages of decomposing (I) into a sequence of nondifferentiable,
but hopefully quite well conditioned problems. In particular, since the
resulting nondifferentiable optimization problems have a very special
structure, we hope to devise efficient algorithms for their solution.

(ii) Introduced for circuit design by Director and Hachtel [D16], inner
approximations algorithms have made a very favorable initial impression
on CAD users. Their main advantages are that they result in particu-
larly simple subproblems and that whenever computation is suspended, the
designer has at least a feasible design at his disposal. At present,
their main disadvantages are that they only make sense for convex con-
straints and that there are no reasonable constraint dropping schemes to
limit the growth of complexity of the resulting subproblems, which
severely limits the precision with which they can solve a problem. Con-
sequently, there remain a number of important unanswered questions. In
particular, it is important to determine whether they can be extended to
nonconvex problems and whether one can develop constraint dropping
schemes that are as efficient as those proposed for outer approximations
algorithms. We propose to address ourselves to these questions.

b) Multiobjective optimization

We have an ongoing effort in multiobjective optimization, which is
used in electronic circuit design for performing trade-offs. There are
a number characterizations of non-inferior (i.e. trade-off) point
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surfaces [C1O,D2,1,P3,P11]. Quite recently, we have obtained a number
of interesting quantitative results on the efficient exploration of such

surfaces [P8,Pea]. One of the major obstacles to the use of multi-
objective optimization in design is the lack of meaningful methods of

multidimensional information display. We propose to attack this problem
in conjunction with developing efficient strategies for trade-off sur-
face exploration.

Circuit Simulation

This part of the project is devoted to the development of simula-
tion techniques and codes which are compatible with our optimization

algorithms. The most urgent task is to extend at least one high quality

simulation code so that it will yield the required derivatives. Since
SPICE 2, which was developed at Berkeley, is such a code and since it
already has some sensitivity computation features, such as for d.c.
small-signal sensitivities, it is an ideal starting point for such a
project. We note that some theoretical results for computating time
domain sensitivities have already been obtained [D13], however, these
results are not easily implemented within the context of existing simu-

* lation programs, such as SPICE 2. Moreover, they promis to be very
expensive in terms of computer time and storage requirements.

We therefore propose to develop and implement, as an extension of
SPICE 2, an algorithm for time domain sensitivity analysis which makes
use of a number of the intermediate computations, involving jacobians,
required by the integration of the circuit equations.

Device Modeling

The major task in this area is to develop device models which lead
to efficient computations in the context of optimization-based
computer-aided design. In particular, emphasis will be placed on reduc-
ing the number of variables on which tolerances must be placed, since
computing costs go up exponentially with this number. In particular, we
shall attempt to develop appropriate models for complex MOS digital and
analog circuits. The modeling process will be iterative, in that our
new models will be tested experimentally against existing models and
against actual circuit performance.

* Fault Diagnosis of Nonlinear Circuits and Systems

Our results, reported in [vi], yield a necessary and sufficient
condition for the diagnosability of nonlinear memoryless systems
described by the equation:

Sy - f(u,a) (2)

where f(.,.) maps RP X Rn into Rq . The condition involves a rank test
on the matrix:

Rw(a) f ... f [df(u,a)/da]T [df(u,a)/da]w(u)du (3)

6 where T the denotes transpose and w(.) is a continuous scalar valued
function selected to ensure the existence of the integral.

I
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As a further step, we studied the diagnosability of nonlinear dynamical

circuits [913]. Most such systems can be described by implicit

algebraic-differential equations of the form

h(i(t),x(t),y(t),u(t),a) = 0 for all t > 0 (4)

The theory and techniques developed for resistive circuits can be

applied to this case by by extending them to a function space setting.

Among other things, this involves replacing the Jacobian and its tran-

spose by the Frechet derivative and its adjoint. The difficulty in com-
puting the Frechet derivative makes the above approach numerically very

difficult. To deal with this complication, we propose to examine the
possibility of replacing the original system by a discrete-time approxi-

mation, i.e., a discrete-time dynamical system of the form:

h(i(tn),x(tn),Y(tn),u(tn),a) 0 0, for n = 0,1,2,... (5a)

k
x(t) = Z bi x(tn-i) (5b)

i=O

The above form is of particular interest in electronic circuit design
since the simulation of electronic circuits requires the solution of

equations of the form (5a,5b) for a set of discrete time increments bi
as well as the time points tn-i, which are chosen according to the par-

ticular backward differentiation formula used in the simulator. By
using a discrete approximation to the continuous dynamical system, we
will be able to couple algorithms for diagnosis with existing efficient
simulators, such as SPICE 2. An additional important simplification in
the diagnosis of systems of the form (4), will result from the fact that
the Frechet derivative can be replaced by time-domain sensitivities
which are much easier to compute.
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